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What is the Golden Channel?: Signal

Signal consists of ϕ→ V1V2 → 4`

X can in principal be spin 0, 1, or 2
V1 and V2 can be any combination of Z and γ and ` = e, µ
In principal γγ, Zγ, and ZZ all contribute
Can lead to a myriad of interference effects between intermediate
states as well as between identical final states in 4e/4µ channel
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What is the Golden Channel?: Background

Irreducible background is primarily qq̄ → 4`
This includes both the t-channel and s-channel process

Also has smaller contribution from fakes and gg → 4` (NLO)
Again V1 and V2 can be Z or γ and ` = e, µ
A rich interference structure between various intermediate states as
well as between s and t-channel and identical final states for 4e/4µ
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What is the Golden Channel?: Kinematics

Ignoring production there are 8 observables in CM frame per event
(s,M1,M2,Θ, θ1, θ2,Φ1,Φ) (N. Cabibbo, A. Maksymowicz, Phys. Rev. 137 (1968))

Θ

(Y. Chen, N. Tran, RVM: 1211.1959)

All angles defined in 4` CM frame (or X in case of signal)
Correlations between lepton angles studied for some time

J.F. Gunion, Z. Kunszt (1986); Matsurra, J.J. Van Der Bij (1991), + many others
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Why the Golden Channel?: ‘Practical’ Reasons

Very well measured with . 1− 2% mass resolution for ∼ 125 GeV
Good signal to background ratio and well understood theoretically
NLO corrections are small and mainly affect production
Make it conducive to ‘analytic’ methods based on LO calculation
Analyzed recently using matrix element method (MEM) studies

Y. Gao, A. V. Gritsan, Z. Guo, K. Melnikov, M. Schulze, et. al: 1001.3396
A. De Rujula, J. Lykken, M. Pierini, C. Rogan, M. Spiropulu: 1001.5300
J. Gainer, K. Kumar, I. Low, RVM: 1108.2274
S. Bolognesi, Y. Gao, A. V. Gritsan, K. Melnikov, et. al: 1208.4018
D. Stolarski, RVM: 1208.4840
Avery, Bourilkov, Chen, Cheng, Drozdetskiy, et. al: 1210.0896
J.M. Cambell, W.T. Giele, C. Williams (NLO): 1205.3434
J.M. Cambell, W.T. Giele, C. Williams (NLO): 1204.4424

Focused primarily on signal extraction and/or hypothesis testing
We would like to move on to direct parameter extraction
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Why the Golden Channel?: Physics Reasons

Can be used as a ‘discovery’ mode as done for Higgs
Can directly test EWSB mechanism
Can measure spin of resonance directly
Direct probe of CP properties and can be used to extract phases
Zγ and γγ occur through higher dim operators ⇒ sensitive to NP
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Experimental Searches

The Higgs has been discovered in the Golden Channel at ∼ 125 GeV!
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Experimental Searches

CMS has also performed studies of CP mixtures
Assessing sensitivity to real CP-odd ZZ coupling
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Objectives

Build an analysis framework to fully utilize the power of the golden
channel in a model independent manner which takes into account
detector effects and systematic uncertainties

Set up a likelihood analysis based on the analytic fully differential
cross sections in order to perform (multi-) parameter extraction of the
various scalar-tensor couplings including any correlations
Construct a continuous detector level likelihood as a function of
underlying lagrangian parameters
Utilizing all 8 possible decay observables in minimal computing time
Directly extract the Higgs couplings (ratios of couplings) to neutral
electroweak gauge bosons in the golden channel final state

R.Vega-Morales (NU/FNAL) Golden Obsessions FNAL: August 2013 10 / 60



Objectives

Build an analysis framework to fully utilize the power of the golden
channel in a model independent manner which takes into account
detector effects and systematic uncertainties
Set up a likelihood analysis based on the analytic fully differential
cross sections in order to perform (multi-) parameter extraction of the
various scalar-tensor couplings including any correlations

Construct a continuous detector level likelihood as a function of
underlying lagrangian parameters
Utilizing all 8 possible decay observables in minimal computing time
Directly extract the Higgs couplings (ratios of couplings) to neutral
electroweak gauge bosons in the golden channel final state

R.Vega-Morales (NU/FNAL) Golden Obsessions FNAL: August 2013 10 / 60



Objectives

Build an analysis framework to fully utilize the power of the golden
channel in a model independent manner which takes into account
detector effects and systematic uncertainties
Set up a likelihood analysis based on the analytic fully differential
cross sections in order to perform (multi-) parameter extraction of the
various scalar-tensor couplings including any correlations
Construct a continuous detector level likelihood as a function of
underlying lagrangian parameters

Utilizing all 8 possible decay observables in minimal computing time
Directly extract the Higgs couplings (ratios of couplings) to neutral
electroweak gauge bosons in the golden channel final state

R.Vega-Morales (NU/FNAL) Golden Obsessions FNAL: August 2013 10 / 60



Objectives

Build an analysis framework to fully utilize the power of the golden
channel in a model independent manner which takes into account
detector effects and systematic uncertainties
Set up a likelihood analysis based on the analytic fully differential
cross sections in order to perform (multi-) parameter extraction of the
various scalar-tensor couplings including any correlations
Construct a continuous detector level likelihood as a function of
underlying lagrangian parameters
Utilizing all 8 possible decay observables in minimal computing time

Directly extract the Higgs couplings (ratios of couplings) to neutral
electroweak gauge bosons in the golden channel final state

R.Vega-Morales (NU/FNAL) Golden Obsessions FNAL: August 2013 10 / 60



Objectives

Build an analysis framework to fully utilize the power of the golden
channel in a model independent manner which takes into account
detector effects and systematic uncertainties
Set up a likelihood analysis based on the analytic fully differential
cross sections in order to perform (multi-) parameter extraction of the
various scalar-tensor couplings including any correlations
Construct a continuous detector level likelihood as a function of
underlying lagrangian parameters
Utilizing all 8 possible decay observables in minimal computing time
Directly extract the Higgs couplings (ratios of couplings) to neutral
electroweak gauge bosons in the golden channel final state

R.Vega-Morales (NU/FNAL) Golden Obsessions FNAL: August 2013 10 / 60



Constructing a likelihood analysis

A likelihood can be formed out of probability density functions (pdfs)
using full set of decay observables in golden channel
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FIG. 11. PLACE HOLDERS:Comparing the LO Mad-
graph vs Eq.(49) results for the azimuthal angles � and �1for
the range 4 GeV  M1,2 and assuming M1 > M2. We take
the four lepton system invariant mass to be

p
s = 125 GeV .

properties.

A. Relative Partial Widths

To get a feel for relative sizes of the operators in Eq.(3)
we show in Fig. 12 the relative ‘partial widths’ for every
possible combination of operators labeled by AnijAn̄īj̄ which
contribute to the 2e2µ di↵erential cross section. The cou-
plings Anij have been separated into their real and imaginary
components as Anij = AnijR + iAnijI and we have set all
AnijR,I = 1. The partial widths have been normalized to the
SM value which we take equal to unity. All of the |AnijR,I |2 sit
along the diagonal whith the various interferonce terms mak-
ing up the o↵-diagonal terms. We have obtained these partial
widths by integrating the fully di↵erential cross section and
taking for our phase space 4 . M1,2 and

p
s = 125 GeV as

well as pT` > 2 GeV and ⌘` < 2.4. Note that many of the
interference terms are negative. In Fig. 13 we show the same
plot for the 4e final state. The blank entries indicate terms
which are identically zero after integration. In Sec. VII A
of the Appendix we also show the same partial widths for a
‘CMS-like’ phase space.

In Figs. 14 and 15 we also show the integral of the absolute
value of the fully di↵erential cross section over the same phase

space. This gives a clearer indication of the discriminating
power of the distributions in the fully di↵erential cross section
which uses di↵erences in the shapes of the distributions to
distinguish between the various operators. We can also see
from Figs. 14 and 15 blah blah blah.

One of the interesting questions to ask, is whether the
golden channel is sensitive to the Z� and �� couplings of ' as-
suming it is the recently discovered resonance at ⇠ 125 GeV.
Since it has been firmly established that this resonance cou-
ples to ZZ through the ZµZµ operator with a strength consis-
tent with the SM prediction [19] it may perhaps be di�cult
to extract the Z� and �� couplings since they only occur
through higher dimensional operators and will have couplings
⇠ O(10�2 � 10�3) thus suppressing the partial widths cor-
responding to those operators in Figs. 14-15. Determining
whether this is in fact impossible requires a detailed analysis
including detector e↵ects which is beyond the scope of this
paper, but we leave to an ongoing study [].

B. Simplified Analysis

In order to demonstrate the flexibility and potential of our
framework, we perform a simplified generator level analysis
neglecting any detector e↵ects and at center of mass energy.
To do this we construct a MEM using the fully di↵erential
cross sections in Eqs.(19) and (49) to build the signal plus
background pdf from which the total likelihood will be con-
structed. Thus we have,

PS+B(O|f, ~�) = f ⇥ PB(s, M1, M2, ~⌦) (50)

+(1 � f) ⇥ PS(m2
h, M1, M2, ~⌦).

where O = (s, M1, M2, ~⌦) is our final set of observables to
be used in the construction of the likelihood and f is the
background fraction, for which we also fit. We can now write
the likelihood of obtaining a particular data set containing N
events as,

L(~�) =
NY

O
P(O|~�). (51)

⇤ = L(~�a)/L(~�b) �! � (52)

@L(~�a)

@~�a

���
�̂a

= 0 (53)

where N is the number of events observed in a particular ex-

periment. With L(f, ~�) in hand we maximize with respect to

f and ~� to extract the values which maximize the likelihood.
We repeat this for a large number of pseudo experiments to
obtain distributions for the best fit value of the various pa-
rameters. More details on this procedure can be found in [?
].

As our example, we analyze the parameter point ~� =
(A1ZZ = 1, A2ZZ = 0, A3ZZ = 5.1, A2Z� = 0.05, A3Z� =
�0.1, A2�� = 0.07, A3�� = �0.08).

5

an approximate approach in which we interpolate ana-
lytic functions from the 1-D projections generated from
Madgraph and POWHEG. This procedure of course ne-
glects any correlations between the variables, but as we
are explicitly assuming factorization in addition to av-
eraging over Y , and pT the a↵ects of this approxima-
tion are small. This can be seen by examine Fig.??
where we have plotted the likelihood obtained from eval-
uating our p.d.f. with fully correlated POWHEG events
against the likelihood obtained with events generated
from our p.d.f. where these approximations have been
implemented. The interpolated functions are discussed
in more detail in the Appendix.

This will be edited and explained in more detail once
we pin down our procedure precisely. It would be good
to discuss the optimal way of doing this with Joe, Maria,
and Emanuele.

IV. CONSTRUCTION OF THE LIKELIHOODS

Once we have the detector level p.d.f.s obtained in
Eq.(11) and Eq.(15) we can then go on to construct the
full likelihood functions for a particular data set. Be-
fore doing so however, we must properly normalize the
background and signal p.d.f.s (technically they are not
p.d.f.s yet) by performing the full integration over all re-

constructed ~X variables where from now on we drop the
superscript R since we now only deal with detector level
variables. In this section we present an overview of the
normalization procedure. We also at this stage discuss
the averaging over the production variables Y and pT.
Finally we also discuss the implementation of systematic
uncertainties through the use of nuisance parameters in
the likelihood functions. Further details of all these inte-
grations can be found in the Appendix.

A. Normalization of Background and Signal p.d.f.s

We first perform the averaging procedure over the de-
tector level production variables Y and pT for the back-
ground p.d.f. by the following integration,

PB(s, M1, M2, ~⌦) =

Z
PB( ~X)dY dpT . (17)

Yi I am probably missing some factor here that accounts
for the ‘averaging’ so make sure to check this. The beauty
of using this likelihood for fitting is that we don’t have
to worry about this factor for averaging, as long as it is
done consistently between all components that matters.
With this p.d.f. in terms of the eight CM observables
we can obtain the overall normalization via Monte Carlo
integration,

NB =

Z
PB(s, M1, M2, ~⌦)

⇥ dsdM2
1 dM2

2 d~⌦, (18)

which gives for our final normalized background p.d.f. ,

PB(s, M1, M2, ~⌦) = N�1
B ⇥ PB(s, M1, M2, ~⌦). (19)

Similarly for the signal we have for the averaging over
(Y,pT ) variables,

PS(m2
h, M1, M2, ~⌦|~�)

=

Z
PS( ~X|~�)dY dpT

���
s=m2

h

. (20)

To obtain the overall normalization we first note that it is
a function of the underlying parameters ~� = (A1, A2, A3)
defined in Eq.(1). However, from the calculation of
the parton level di↵erential cross section presented in
Sec.II C and in particular Eqs.(??) and (??) it is clear

that PS(m2
h, M1, M2, ~⌦|~�) is a sum over terms each of

which is proportional to AnA⇤
n̄. Thus we can write,

PS(m2
h, M1, M2, ~⌦|~�) =

3X

nn̄

AnA⇤
n̄ ⇥ PS(m2

h, M1, M2, ~⌦|~�)nn̄, (21)

where a factor of 1/2 is included when n = n̄. The sepa-
rate normalizations for each term can now easily be ob-
tain via,

N nn̄
S =

Z
PS(m2

h, M1, M2, ~⌦|~�)nn̄

⇥ dM2
1 dM2

2 d~⌦, (22)

from which we can now obtain the total overall normal-
ization for the signal p.d.f. as,

NS(~�) =
3X

nn̄

AnA⇤
n̄N nn̄

S . (23)

This gives finally for the normalized signal p.d.f. ,

PS(m2
h, M1, M2, ~⌦|~�) =

N�1
S (~�) ⇥ PS(m2

h, M1, M2, ~⌦|~�). (24)

B. Building Signal + Background p.d.f.
and Final Likelihood

With Eqs.(19) and (25) in hand we can now build the
signal plus background p.d.f. from which the total likeli-
hood will be constructed. Thus we have,

PS+B(O|f,~�) = f ⇥ PB(s, M1, M2, ~⌦) (25)

+(1 � f) ⇥ PS(m2
h, M1, M2, ~⌦).

where O = (s, M1, M2, ~⌦) is our final set of observables
to be used in the construction of the likelihood and f is
the background fraction, for which we also fit.

We can now write the likelihood of obtaining a partic-
ular data set containing N events as,

L(f,~�) =
NY

O
PS+B(O|f,~�). (26)

P(O|~λ) built out of fully differential cross section for CM observables
It takes in the set of CM observables O as input
L(~λ) a function of lagrangian parameters
Gives the likelihood for observing a given data set (N events of O)
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Simple Hypothesis Test

Can use likelihood to construct ratios to do simple hypothesis testing
Useful for signal from BG extraction and exclusion in favor of SM
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FIG. 4. Normalized distribution of our test statistic Λ when
ah is true on the right (blue), and when as is true on the
left (pink). Each histogram is the result of 5000 pseudo-
experiments with 50 events each. The vertical (green) line

is Λ̂ defined in Eq. (4) such that the area to the right of Λ̂

under the as histogram is equal to the area to the left of Λ̂
under the ah histogram. We also draw a Gaussian over each
histogram with the same median and standard deviation.

the correct hypothesis. For a simple hypothesis test, this
Gaussian approximation is often sufficient [56], and we
see from Fig. 4 that the Λ distributions are well approx-
imated by Gaussians.

This procedure is repeated many times for a range of
numbers of events N to obtain a significance as a func-
tion of N for each hypothesis. We show this for the case
where a1 = ah and a2 = as or a2 = aZγ in Fig. 5. We
see that with O(50) events, we can distinguish renormal-
izable from nonrenormalizable coupling to ZZ at 95%
confidence, and with O(100) events we can get a 99% ex-
clusion. The operator aZγ can be distinguished from ah

at 95% confidence with as few as 20 events. The third
possibility, which we do not show, is even easier; as and
aZγ can be distinguished from one another at 95% with
just 10 events.

IV. CONCLUSIONS AND OUTLOOK

Testing the properties of the newly discovered reso-
nance near 125 GeV is of utmost importance. While the
rate and branching ratio data are consistent with the new
particle being the Standard Model Higgs, direct tests of
its properties are still essential. In this paper we have
examined the discriminating power of events where the
new particle decays to four leptons. These events can be
used to measure the Lorentz transformation properties
of this particle, but even if it is confirmed to be a par-
ity even scalar, it still need not be the Higgs; it could
couple to the gauge bosons via higher dimensional oper-
ators rather than via the renormalizable operator in the
Standard Model.

We have analyzed how well kinematic distributions in
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FIG. 5. Expected significance as a function of number of
events in the case of ah vs as on top, and ah vs aZγ on bot-
tom. We use a different horizontal scale for the top and bot-
tom plots because far fewer events are needed to discriminate
ah from aZγ than from as. We also fit with a function pro-

portional to
√

N , which is the expected scaling. We mark the
σ value of 95% and 99% confidence level exclusion.

four lepton events can distinguish between different ten-
sor structures of the coupling to gauge bosons. In par-
ticular, we looked a coupling directly to ZµZµ, as well
as couplings to a pair of field strength tensors of the
Z, and a coupling to the field strength of the Z and
of the photon. All three scenarios will produce one lep-
ton pair near the Z pole, while the other pair will have
much lower invariant mass. We find that with O(50) sig-
nal events, a Higgs-like state can be discriminated from
ZZ field strength tensor couplings with 95% confidence,
while only 20 events are needed to make the same deter-
mination for field strength coupling to Zγ. This shows
that the 2012 LHC run has excellent prospects to con-
strain the tensor structure of the new state’s coupling to
gauge bosons.

While the four lepton final state is one of the most
powerful for discriminating different scenarios, it would
be interesting to look at kinematic variables in other final
states. For example, in the decay to WW ∗ where both
W ’s decay leptonically, the angles between the leptons
and the transverse angles with missing energy will pro-
vide discriminating power, though this channel is difficult
because of the large background. A search for decay to

(D. Stolarski, RVM: 1208.4840)
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Parameter Extraction

Instead of hypothesis testing one can also do parameter extraction
This is done by maximizing the likelihood with respect to ~λ
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FIG. 11. PLACE HOLDERS:Comparing the LO Mad-
graph vs Eq.(49) results for the azimuthal angles � and �1for
the range 4 GeV  M1,2 and assuming M1 > M2. We take
the four lepton system invariant mass to be

p
s = 125 GeV .

properties.

A. Relative Partial Widths

To get a feel for relative sizes of the operators in Eq.(3)
we show in Fig. 12 the relative ‘partial widths’ for every
possible combination of operators labeled by AnijAn̄īj̄ which
contribute to the 2e2µ di↵erential cross section. The cou-
plings Anij have been separated into their real and imaginary
components as Anij = AnijR + iAnijI and we have set all
AnijR,I = 1. The partial widths have been normalized to the
SM value which we take equal to unity. All of the |AnijR,I |2 sit
along the diagonal whith the various interferonce terms mak-
ing up the o↵-diagonal terms. We have obtained these partial
widths by integrating the fully di↵erential cross section and
taking for our phase space 4 . M1,2 and

p
s = 125 GeV as

well as pT` > 2 GeV and ⌘` < 2.4. Note that many of the
interference terms are negative. In Fig. 13 we show the same
plot for the 4e final state. The blank entries indicate terms
which are identically zero after integration. In Sec. VII A
of the Appendix we also show the same partial widths for a
‘CMS-like’ phase space.

In Figs. 14 and 15 we also show the integral of the absolute
value of the fully di↵erential cross section over the same phase

space. This gives a clearer indication of the discriminating
power of the distributions in the fully di↵erential cross section
which uses di↵erences in the shapes of the distributions to
distinguish between the various operators. We can also see
from Figs. 14 and 15 blah blah blah.

One of the interesting questions to ask, is whether the
golden channel is sensitive to the Z� and �� couplings of ' as-
suming it is the recently discovered resonance at ⇠ 125 GeV.
Since it has been firmly established that this resonance cou-
ples to ZZ through the ZµZµ operator with a strength consis-
tent with the SM prediction [19] it may perhaps be di�cult
to extract the Z� and �� couplings since they only occur
through higher dimensional operators and will have couplings
⇠ O(10�2 � 10�3) thus suppressing the partial widths cor-
responding to those operators in Figs. 14-15. Determining
whether this is in fact impossible requires a detailed analysis
including detector e↵ects which is beyond the scope of this
paper, but we leave to an ongoing study [].

B. Simplified Analysis

In order to demonstrate the flexibility and potential of our
framework, we perform a simplified generator level analysis
neglecting any detector e↵ects and at center of mass energy.
To do this we construct a MEM using the fully di↵erential
cross sections in Eqs.(19) and (49) to build the signal plus
background pdf from which the total likelihood will be con-
structed. Thus we have,

PS+B(O|f, ~�) = f ⇥ PB(s, M1, M2, ~⌦) (50)

+(1 � f) ⇥ PS(m2
h, M1, M2, ~⌦).

where O = (s, M1, M2, ~⌦) is our final set of observables to
be used in the construction of the likelihood and f is the
background fraction, for which we also fit. We can now write
the likelihood of obtaining a particular data set containing N
events as,

L(f, ~�) =
NY

O
PS+B(O|f, ~�). (51)

⇤ = L(�a)/L(�b) �! � (52)

@L(~�)

@~�

���
�̂

= 0 (53)

where N is the number of events observed in a particular ex-

periment. With L(f, ~�) in hand we maximize with respect to

f and ~� to extract the values which maximize the likelihood.
We repeat this for a large number of pseudo experiments to
obtain distributions for the best fit value of the various pa-
rameters. More details on this procedure can be found in [?
].

As our example, we analyze the parameter point ~� =
(A1ZZ = 1, A2ZZ = 0, A3ZZ = 5.1, A2Z� = 0.05, A3Z� =
�0.1, A2�� = 0.07, A3�� = �0.08).

For a single experiment of N events λ̂ gives the value of the parameter
which maximizes the likelihood
This is repeated for a large set of N pseudo-experiments and one
obtains a distribution for λ̂ with a given spread and average value λ̂avg

The true value ~λo will sit in some interval around λ̂avg

In the limit as N →∞ one will find λ̂avg → ~λo
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Signal pdf

The signal pdf is formed out of fully differential cross section for
h→ V1V2 → 4` where 4` = 2e2µ, 4e, 4µ and V1,2 = Z , γ
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FIG. 11. PLACE HOLDERS:Comparing the LO Mad-
graph vs Eq.(49) results for the azimuthal angles � and �1for
the range 4 GeV  M1,2 and assuming M1 > M2. We take
the four lepton system invariant mass to be

p
s = 125 GeV .

properties.

A. Relative Partial Widths

To get a feel for relative sizes of the operators in Eq.(3)
we show in Fig. 12 the relative ‘partial widths’ for every
possible combination of operators labeled by AnijAn̄īj̄ which
contribute to the 2e2µ di↵erential cross section. The cou-
plings Anij have been separated into their real and imaginary
components as Anij = AnijR + iAnijI and we have set all
AnijR,I = 1. The partial widths have been normalized to the
SM value which we take equal to unity. All of the |AnijR,I |2 sit
along the diagonal whith the various interferonce terms mak-
ing up the o↵-diagonal terms. We have obtained these partial
widths by integrating the fully di↵erential cross section and
taking for our phase space 4 . M1,2 and

p
s = 125 GeV as

well as pT` > 2 GeV and ⌘` < 2.4. Note that many of the
interference terms are negative. In Fig. 13 we show the same
plot for the 4e final state. The blank entries indicate terms
which are identically zero after integration. In Sec. VII A
of the Appendix we also show the same partial widths for a
‘CMS-like’ phase space.

In Figs. 14 and 15 we also show the integral of the absolute
value of the fully di↵erential cross section over the same phase

space. This gives a clearer indication of the discriminating
power of the distributions in the fully di↵erential cross section
which uses di↵erences in the shapes of the distributions to
distinguish between the various operators. We can also see
from Figs. 14 and 15 blah blah blah.

One of the interesting questions to ask, is whether the
golden channel is sensitive to the Z� and �� couplings of ' as-
suming it is the recently discovered resonance at ⇠ 125 GeV.
Since it has been firmly established that this resonance cou-
ples to ZZ through the ZµZµ operator with a strength consis-
tent with the SM prediction [19] it may perhaps be di�cult
to extract the Z� and �� couplings since they only occur
through higher dimensional operators and will have couplings
⇠ O(10�2 � 10�3) thus suppressing the partial widths cor-
responding to those operators in Figs. 14-15. Determining
whether this is in fact impossible requires a detailed analysis
including detector e↵ects which is beyond the scope of this
paper, but we leave to an ongoing study [].

B. Simplified Analysis

In order to demonstrate the flexibility and potential of our
framework, we perform a simplified generator level analysis
neglecting any detector e↵ects and at center of mass energy.
To do this we construct a MEM using the fully di↵erential
cross sections in Eqs.(19) and (49) to build the signal plus
background pdf from which the total likelihood will be con-
structed. Thus we have,

PS+B(O|f, ~�) = f ⇥ PB(s, M1, M2, ~⌦) (50)

+(1 � f) ⇥ PS(m2
h, M1, M2, ~⌦|~�).

where O = (s, M1, M2, ~⌦) is our final set of observables to
be used in the construction of the likelihood and f is the
background fraction, for which we also fit. We can now write
the likelihood of obtaining a particular data set containing N
events as,

L(f, ~�) =

NY

O
PS+B(O|f, ~�). (51)

⇤ = L(�a)/L(�b) �! � (52)

PS(m2
h, M1, M2, ~⌦|~�) =

d�h!4`

dM2
1 dM2

2 d~⌦
(53)

@L(~�)

@~�

���
�̂

= 0 (54)

where N is the number of events observed in a particular ex-

periment. With L(f, ~�) in hand we maximize with respect to

f and ~� to extract the values which maximize the likelihood.
We repeat this for a large number of pseudo experiments to
obtain distributions for the best fit value of the various pa-
rameters. More details on this procedure can be found in [?
].

As our example, we analyze the parameter point ~� =
(A1ZZ = 1, A2ZZ = 0, A3ZZ = 5.1, A2Z� = 0.05, A3Z� =
�0.1, A2�� = 0.07, A3�� = �0.08).

Can also contain production spectrum for ~pT and Y
Many possible couplings between Higgs and neutral gauge boson pairs
We assume only Lorentz invariance between a spin-0 scalar and vector
boson pairs and allow for general CP mixtures and phases
Would like to directly extract as many of the parameters as possible
(even if they are zero)
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Scalar Signal Parametrization

Parametrize scalar couplings to vector boson pairs as the following,
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FIG. 12. Here we Plot the relative partial widths for each possible combination of operators in Eq.(3) for the 2e2µ final state.
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FIG. 13. PLACE HOLDERS

�µ⌫
ij (k, k0) =

1

v

⇣
A1ijm

2
Zgµ⌫ + A2ij

�
k⌫k0µ � k · k0gµ⌫� + A3ij✏

µ⌫↵�k↵k0
2�

⌘
, (55)

PS(m2
h, M1, M2, ~⌦|~�) =

d�h!4`

dM2
1 dM2

2 d~⌦
(56) PB(s, M1, M2, ~⌦) =

d�qq̄!4`

dM2
1 dM2

2 d~⌦
(57)

The Anij in principal complex and ij = ZZ ,Zγ, γγ (A1Zγ = A1γγ = 0)
k , k ′ momentum of vector bosons (or lepton pair system)
Can for example be derived from the following Lagrangian,

3

Θ

FIG. 1. Definition of angles in the four lepton CM frame X.

as we are aware, none consider the contributions from the
Z� and �� intermediate states. There are also interfer-
ence e↵ects between the intermediate state which are not
present when � is not allowed to decay. As we will see,
these e↵ects can manifest themselves in the kinematic
distributions. Of course for a SM Higgs, the Z� and ��
contributions to the golden channel are expected to be
small, but this need not be true for a general scalar or
if the discovered resonance turns out to have enhanced
couplings to Z� or to ��. How large these e↵ects are
once one takes into account detector and acceptance ef-
fects deserves careful study, but we leave this for ongoing
work.

The most general couplings of a spinless particle to
two gauge bosons with four momenta k1 and k2 can be
expressed as,

i�µ⌫
ij = v�1

⇣
A1ijm

2
Zgµ⌫ + A2ij(k1 · k2g

µ⌫ � k⌫
1kµ

2 )

+A3ij✏µ⌫↵�k↵
1 k�

2

⌘
(1)

where ij = ZZ, Z�, or ��. The A1,2,3 are dimensionless
arbitrary complex form factors and v is the Higgs vacuum
expectation value (vev), which we have chosen as our
overall normalization. For the case of a scalar coupling
to Z� or �� electromagnetic gauge invariance requires
A1 = 0, while for ZZ it can be generated at tree level
as in the SM or by higher dimensional operators. We
have chosen to write the vertex in this form to make
the connection with operators in the Lagrangian which
may generate them more transparent. For example the
following list of operators may generate a coupling as in
Eq.(1),

L ⇠ 1

v
'
⇣
ghm2

ZZµZµ + gZZµ⌫Zµ⌫ + g̃ZZµ⌫ eZµ⌫

+ gZ�Fµ⌫Zµ⌫ + g̃Z�Fµ⌫ eZµ⌫

+ g�Fµ⌫Fµ⌫ + g̃�Fµ⌫ eFµ⌫ + ...
⌘

(2)

where Zµ is the Z field while Vµ⌫ = @µV⌫�@⌫Vµ the usual

bosonic field strengths. The dual field strengths are de-

fined as eVµ⌫ = 1
2✏µ⌫⇢�V ⇢� and the ... is for operators of

dimension higher than five. For a given model many of
these are of course zero. If ' is the Standard Model Higgs,
then gh = i, while gZ , gZ� and g�� are 6= 0, but loop in-
duced and small. Detailed studies of the ZZ contribution
to the golden channel mediated through the operators
with coe�cients gh, gZ were conducted in [4, 6, 22]. The
operators corresponding to gZ� were studied in [8] for the
golden channel final state and in [23] for the `+`�� final
state and both were shown to be useful discriminators.

Other recent studies of these operators, though not
only through the golden channel final state, have also
been done. The pseudo scalar couplings g̃Z , g̃Z� , g̃� were
studied recently in the context of the newly discovered
resonance in [24] where it was shown that a purely CP
odd scalar is disfavored as the new resonance. The anal-
ysis of [25] shows that with a fit of the ��, ZZ⇤, and
WW ⇤ rates, as well as the absence of a large anomaly in
continuum Z�, that the scenario of the four lepton de-
cays being due to gZ or gZ� is strongly disfavored. While
these statements contain few assumptions, they are still
model dependent and should be confirmed by direct mea-
surements.

Even if the newly discovered resonance appears to be
‘SM like’, it is still possible that it can have contributions
to the 2e2µ channel coming from operators other than gh

which are slightly enhanced relative to the SM prediction.
Here we are motivated by asking what information can
be extracted from this channel with out any a-priori ref-
erence to other measurements or theoretical input. In
addition, there still exists the possibility that another
scalar resonance will be discovered which can also decay
to EW gauge boson pairs. In this case it may have com-
parable contributions from the various operators. Thus
we allow for all operators in Eq. (2) to contribute simul-
taneously including all interference e↵ects between the
ZZ, Z�, and �� intermediate states. Because the vertex
in terms of arbitrary complex form factors is more gen-
eral than the Lagrangian, for purposes of the calculation
we use Eq.(1) explicitly. Below we summarize the details
of the calculation.

A. Calculation

To compute the process ' ! ZZ + Z� + �� ! 4` we
include the diagrams shown in Fig. 2 and parametrize the
scalar coupling to gauge bosons as in Eq. 1. The total
amplitude can be written as,

M = MZZ + MZ� + M�Z + M�� (3)

which upon squaring gives,

|M|2 = |MZZ |2 + |MZ� |2 + |M�Z |2 + |M�� |2
+2Re

⇣
MZZM⇤

Z� + MZZM⇤
�Z + MZZM⇤

��

M��M⇤
Z� + M��M⇤

�Z + MZ�M⇤
�Z

⌘
.

(4)

All operators included in our calculation to form signal pdf
In differential cross section, pairs of operators will form ‘partial widths’
Depending on interference effects between vertex structures (or
operators) some of these can be negative
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‘Relative widths’ for Pairs of Scalar Couplings: 2e2µ

Can form relative widths (to the SM) to examine ‘branching fractions’
‘Loose Cuts’, 125 GeV, All Anij = 1
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‘Relative widths’ with CMS Cuts: 2e2µ

Will of course be different for different cuts
‘CMS Cuts’, 125 GeV, All Anij = 1
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‘Relative widths’ for Pairs of Scalar Couplings: 4e/4µ

As well as between 2e2µ and 4e/4µ
‘CMS Cuts’, 125 GeV, All Anij = 1
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M2 Distribution (2e2µ)

Of course we have shapes to aid us as well

10 20 30 40 50 60
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dM2
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(Y. Chen, N. Tran, RVM:1211.1959)

Slope of M2 as upper cutoff is approached contains information about
CP properties R. Boughezal, T. LeCompte, Petriello: 1208.4311

How phase space is chosen affects sensitivity to various couplings
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‘Relative differential Widths’ as Discriminators: 2e2µ

Use all decay observables O and assuming pure signal sample
Simple hypothesis test to assess ability to distinguish operators
For example, ZµZµ, ZµνZµν , and ZµνFµν (couplings set to one)

(D. Stolarski, RVM: 1208.4840)
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Golden channel can distinguish ZµZµ&ZµνZµν with O(40) events
Can distinguish ZµZµ&ZµνFµν with O(20) events
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Simple Parameter Extraction: Signal Only

Instead of hypothesis testing, now we do direct parameter extraction
Perform a 6 parameter fit for all couplings assuming all real

1k Events, 5k Pseudo Experiments, R ij
n = Anij/A1ZZ
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Simple Parameter Extraction: Signal Only

Perform a 6 parameter fit for all couplings assuming couplings real
1k Events, 5k Pseudo Experiments, R ij

n = Anij/A1ZZ

ZZ
2R

-5 -4 -3 -2 -1 0 1 2 3 4 5
0

100

200

300

400

500

ZZ
2R
ZZ
2R

ZA
2R

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
0

100

200

300

400

500

600

ZA
2R
ZA
2R

AA
2R

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
0

100

200

300

400

500

600

700

AA
2R
AA
2R

ZZ
3R

0 1 2 3 4 5 6 7 8 9 10
0

50

100

150

200

250

300

ZZ
3R
ZZ
3R

ZA
3R

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
0

200

400

600

800

1000

ZA
3R
ZA
3R

AA
3R

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
0

100

200

300

400

500

600

700

AA
3R
AA
3R

8

Preliminary
R.Vega-Morales (NU/FNAL) Golden Obsessions FNAL: August 2013 22 / 60



Simple Parameter Extraction: Signal Only

We can see how fit error changes with number of events
N = 30 to 3000 Events per Pseudo Experiment
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Simple Parameter Extraction: Signal Only

We can see how fit error changes with number of events
N = 30 to 3000 Events per Pseudo Experiment
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Simple Parameter Extraction: Signal Only

Can also examine correlations between parameters
1k Events, 5k Pseudo Experiments, R ij

n = Anij/A1ZZ
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Simple Parameter Extraction: Signal Only

Can also examine correlations between parameters
1k Events, 5k Pseudo Experiments, R ij

n = Anij/A1ZZ
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Background pdf

The leading order irreducible background pdf is formed out of fully
differential cross section for qq̄ → 4`
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FIG. 11. PLACE HOLDERS:Comparing the LO Mad-
graph vs Eq.(49) results for the azimuthal angles � and �1for
the range 4 GeV  M1,2 and assuming M1 > M2. We take
the four lepton system invariant mass to be

p
s = 125 GeV .

properties.

A. Relative Partial Widths

To get a feel for relative sizes of the operators in Eq.(3)
we show in Fig. 12 the relative ‘partial widths’ for every
possible combination of operators labeled by AnijAn̄īj̄ which
contribute to the 2e2µ di↵erential cross section. The cou-
plings Anij have been separated into their real and imaginary
components as Anij = AnijR + iAnijI and we have set all
AnijR,I = 1. The partial widths have been normalized to the
SM value which we take equal to unity. All of the |AnijR,I |2 sit
along the diagonal whith the various interferonce terms mak-
ing up the o↵-diagonal terms. We have obtained these partial
widths by integrating the fully di↵erential cross section and
taking for our phase space 4 . M1,2 and

p
s = 125 GeV as

well as pT` > 2 GeV and ⌘` < 2.4. Note that many of the
interference terms are negative. In Fig. 13 we show the same
plot for the 4e final state. The blank entries indicate terms
which are identically zero after integration. In Sec. VII A
of the Appendix we also show the same partial widths for a
‘CMS-like’ phase space.

In Figs. 14 and 15 we also show the integral of the absolute
value of the fully di↵erential cross section over the same phase

space. This gives a clearer indication of the discriminating
power of the distributions in the fully di↵erential cross section
which uses di↵erences in the shapes of the distributions to
distinguish between the various operators. We can also see
from Figs. 14 and 15 blah blah blah.

One of the interesting questions to ask, is whether the
golden channel is sensitive to the Z� and �� couplings of ' as-
suming it is the recently discovered resonance at ⇠ 125 GeV.
Since it has been firmly established that this resonance cou-
ples to ZZ through the ZµZµ operator with a strength consis-
tent with the SM prediction [19] it may perhaps be di�cult
to extract the Z� and �� couplings since they only occur
through higher dimensional operators and will have couplings
⇠ O(10�2 � 10�3) thus suppressing the partial widths cor-
responding to those operators in Figs. 14-15. Determining
whether this is in fact impossible requires a detailed analysis
including detector e↵ects which is beyond the scope of this
paper, but we leave to an ongoing study [].

B. Simplified Analysis

In order to demonstrate the flexibility and potential of our
framework, we perform a simplified generator level analysis
neglecting any detector e↵ects and at center of mass energy.
To do this we construct a MEM using the fully di↵erential
cross sections in Eqs.(19) and (49) to build the signal plus
background pdf from which the total likelihood will be con-
structed. Thus we have,

PS+B(O|f, ~�) = f ⇥ PB(s, M1, M2, ~⌦) (50)

+(1 � f) ⇥ PS(m2
h, M1, M2, ~⌦|~�).

where O = (s, M1, M2, ~⌦) is our final set of observables to
be used in the construction of the likelihood and f is the
background fraction, for which we also fit. We can now write
the likelihood of obtaining a particular data set containing N
events as,

L(f, ~�) =

NY

O
PS+B(O|f, ~�). (51)

⇤ = L(�a)/L(�b) �! � (52)

PS(m2
h, M1, M2, ~⌦|~�) =

d�h!4`

dM2
1 dM2

2 d~⌦
(53)

PB(s, M1, M2, ~⌦) =
d�qq̄!4`

dM2
1 dM2

2 d~⌦
(54)

@L(~�)

@~�

���
�̂

= 0 (55)

where N is the number of events observed in a particular ex-

periment. With L(f, ~�) in hand we maximize with respect to

f and ~� to extract the values which maximize the likelihood.
We repeat this for a large number of pseudo experiments to

Will discuss production W (s,~pT ,Y ) spectrum later
BG composed of mostly Zγ t − channel
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Shapes are strong discriminator between signal and background
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Golden Channel: Sig vs BG Distributions (2e2µ)

M1,2 and cosΘ differential spectrums Y. Chen, N. Tran, RVM: 1211.1959
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FIG. 10. On the left hand side we have plotted the cos⇥ angular distributions for hypotheses 1-5 (hypothesis 1 ⌘ SM) defined
in Sec.III B. On the right hand side we plot the components A-F of the background defined in Sec.IV B.
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FIG. 11. On the left hand side we have plotted the cos ✓1 angular distributions for hypotheses 1-5 (hypothesis 1 ⌘ SM) defined
in Sec.III B. On the right hand side we plot the components A-F of the background defined in Sec.IV B.

2θcos 
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

2θ
d 

co
s σd

 
σ1

0

0.1

0.2

0.3

0.4

0.5

0.6

1
2
3
4
5

2θcos 
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

2θ
d 

co
s σd

 
σ1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9 Total
  

A
B

C
D

E
F

FIG. 12. On the left hand side we have plotted the cos ✓2 angular distributions for hypotheses 1-5 (hypothesis 1 ⌘ SM) defined
in Sec.III B. On the right hand side we plot the components A-F of the background defined in Sec.IV B.
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Golden Channel: Sig vs BG Distributions (2e2µ)
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FIG. 10. On the left hand side we have plotted the cos⇥ angular distributions for hypotheses 1-5 (hypothesis 1 ⌘ SM) defined
in Sec.III B. On the right hand side we plot the components A-F of the background defined in Sec.IV B.
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FIG. 11. On the left hand side we have plotted the cos ✓1 angular distributions for hypotheses 1-5 (hypothesis 1 ⌘ SM) defined
in Sec.III B. On the right hand side we plot the components A-F of the background defined in Sec.IV B.
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FIG. 12. On the left hand side we have plotted the cos ✓2 angular distributions for hypotheses 1-5 (hypothesis 1 ⌘ SM) defined
in Sec.III B. On the right hand side we plot the components A-F of the background defined in Sec.IV B.
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FIG. 13. On the left hand side we have plotted the � angular distributions for hypotheses 1-5 (hypothesis 1 ⌘ SM) defined in
Sec.III B. On the right hand side we plot the components A-F of the background defined in Sec.IV B.
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FIG. 14. On the left hand side we have plotted the �1 angular distributions for hypotheses 1-5 (hypothesis 1 ⌘ SM) defined
in Sec.III B. On the right hand side we plot the components A-F of the background defined in Sec.IV B.
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FIG. 15. The (M2, cos⇥) doubly di↵erential spectrum. The first five distributions are for signal hypotheses 1-5 (hypothesis
1 ⌘ SM in top left) defined in Sec.III B while the bottom right plot is for the full background.
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FIG. 15. The (M2, cos⇥) doubly di↵erential spectrum. The first five distributions are for signal hypotheses 1-5 (hypothesis
1 ⌘ SM in top left) defined in Sec.III B while the bottom right plot is for the full background.
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FIG. 16. The (M2, cos ✓1) doubly di↵erential spectrum. The first five distributions are for signal hypotheses 1-5 (hypothesis
1 ⌘ SM in top left) defined in Sec.III B while the bottom right plot is for the full background.

2M20
40

60
80

100

Φ
-3

-2
-1

0
1

2
3

Φ
 d

 
2

d 
M

σ 2 d
 
σ1

0

0.001

0.002

0.003

0.004

0.005

Φ
 d

 
2

d 
M

σ 2 d
 
σ1

0

0.001

0.002

0.003

0.004

0.005

2M20
40

60
80

100

Φ
-3

-2
-1

0
1

2
3

Φ
 d

 
2

d 
M

σ 2 d
 
σ1

0

0.001

0.002

0.003

0.004

0.005

Φ
 d

 
2

d 
M

σ 2 d
 
σ1

0

0.001

0.002

0.003

0.004

0.005

2M20
40

60
80

100

Φ
-3

-2
-1

0
1

2
3

Φ
 d

 
2

d 
M

σ 2 d
 
σ1

0

0.001

0.002

0.003

0.004

0.005

Φ
 d

 
2

d 
M

σ 2 d
 
σ1

0

0.001

0.002

0.003

0.004

0.005

2M20
40

60
80

100

Φ
-3

-2
-1

0
1

2
3

Φ
 d

 
2

d 
M

σ 2 d
 
σ1

0

0.001

0.002

0.003

0.004

0.005

Φ
 d

 
2

d 
M

σ 2 d
 
σ1

0

0.001

0.002

0.003

0.004

0.005

2M20
40

60
80

100

Φ
-3

-2
-1

0
1

2
3

Φ
 d

 
2

d 
M

σ 2 d
 
σ1

0

0.001

0.002

0.003

0.004

0.005

Φ
 d

 
2

d 
M

σ 2 d
 
σ1

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0.004

0.0045

2M
20

40
60

80
100

Φ
-3

-2
-1

0
1

2
3

Φ
 d

 
2

d 
M

σ 2 d
 
σ1

0

0.001

0.002

0.003

0.004

0.005

Φ
 d

 
2

d 
M

σ 2 d
 
σ1

0

0.0005

0.001

0.0015

0.002

0.0025

0.003

0.0035

0.004

0.0045

FIG. 17. The (M2,�) doubly di↵erential spectrum. The first five distributions are for signal hypotheses 1-5 (hypothesis 1 ⌘
SM in top left) defined in Sec.III B while the bottom right plot is for the full background.
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FIG. 20. The (�, cos ✓1) doubly di↵erential spectrum. The first five distributions are for signal hypotheses 1-5 (hypothesis 1 ⌘
SM in top left) defined in Sec.III B while the bottom right plot is for the full background.
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FIG. 21. The (�,�1) doubly di↵erential spectrum. The first five distributions are for signal hypotheses 1-5 (hypothesis 1 ⌘
SM in top left) defined in Sec.III B while the bottom right plot is for the full background.

Of course projections don’t show correlations contained in fully diff cxn
Working on animations for webpage (soon to be public)
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Signal + Background Likelihood

Can now form signal plus background likelihood
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FIG. 11. PLACE HOLDERS:Comparing the LO Mad-
graph vs Eq.(49) results for the azimuthal angles � and �1for
the range 4 GeV  M1,2 and assuming M1 > M2. We take
the four lepton system invariant mass to be

p
s = 125 GeV .

properties.

A. Relative Partial Widths

To get a feel for relative sizes of the operators in Eq.(3)
we show in Fig. 12 the relative ‘partial widths’ for every
possible combination of operators labeled by AnijAn̄īj̄ which
contribute to the 2e2µ di↵erential cross section. The cou-
plings Anij have been separated into their real and imaginary
components as Anij = AnijR + iAnijI and we have set all
AnijR,I = 1. The partial widths have been normalized to the
SM value which we take equal to unity. All of the |AnijR,I |2 sit
along the diagonal whith the various interferonce terms mak-
ing up the o↵-diagonal terms. We have obtained these partial
widths by integrating the fully di↵erential cross section and
taking for our phase space 4 . M1,2 and

p
s = 125 GeV as

well as pT` > 2 GeV and ⌘` < 2.4. Note that many of the
interference terms are negative. In Fig. 13 we show the same
plot for the 4e final state. The blank entries indicate terms
which are identically zero after integration. In Sec. VII A
of the Appendix we also show the same partial widths for a
‘CMS-like’ phase space.

In Figs. 14 and 15 we also show the integral of the absolute
value of the fully di↵erential cross section over the same phase

space. This gives a clearer indication of the discriminating
power of the distributions in the fully di↵erential cross section
which uses di↵erences in the shapes of the distributions to
distinguish between the various operators. We can also see
from Figs. 14 and 15 blah blah blah.

One of the interesting questions to ask, is whether the
golden channel is sensitive to the Z� and �� couplings of ' as-
suming it is the recently discovered resonance at ⇠ 125 GeV.
Since it has been firmly established that this resonance cou-
ples to ZZ through the ZµZµ operator with a strength consis-
tent with the SM prediction [19] it may perhaps be di�cult
to extract the Z� and �� couplings since they only occur
through higher dimensional operators and will have couplings
⇠ O(10�2 � 10�3) thus suppressing the partial widths cor-
responding to those operators in Figs. 14-15. Determining
whether this is in fact impossible requires a detailed analysis
including detector e↵ects which is beyond the scope of this
paper, but we leave to an ongoing study [].

B. Simplified Analysis

In order to demonstrate the flexibility and potential of our
framework, we perform a simplified generator level analysis
neglecting any detector e↵ects and at center of mass energy.
To do this we construct a MEM using the fully di↵erential
cross sections in Eqs.(19) and (49) to build the signal plus
background pdf from which the total likelihood will be con-
structed. Thus we have,

PS+B(O|f, ~�) = f ⇥ PB(s, M1, M2, ~⌦) (50)

+(1 � f) ⇥ PS(m2
h, M1, M2, ~⌦)

where O = (s, M1, M2, ~⌦) is our final set of observables to
be used in the construction of the likelihood and f is the
background fraction, for which we also fit. We can now write
the likelihood of obtaining a particular data set containing N
events as,

L(f, ~�) =

NY

O
PS+B(O|f, ~�). (51)

⇤ = L(�a)/L(�b) �! � (52)

@L(~�)

@~�

���
�̂

= 0 (53)

where N is the number of events observed in a particular ex-

periment. With L(f, ~�) in hand we maximize with respect to

f and ~� to extract the values which maximize the likelihood.
We repeat this for a large number of pseudo experiments to
obtain distributions for the best fit value of the various pa-
rameters. More details on this procedure can be found in [?
].

As our example, we analyze the parameter point ~� =
(A1ZZ = 1, A2ZZ = 0, A3ZZ = 5.1, A2Z� = 0.05, A3Z� =
�0.1, A2�� = 0.07, A3�� = �0.08).

With signal plus background
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FIG. 11. PLACE HOLDERS:Comparing the LO Mad-
graph vs Eq.(49) results for the azimuthal angles � and �1for
the range 4 GeV  M1,2 and assuming M1 > M2. We take
the four lepton system invariant mass to be

p
s = 125 GeV .

properties.

A. Relative Partial Widths

To get a feel for relative sizes of the operators in Eq.(3)
we show in Fig. 12 the relative ‘partial widths’ for every
possible combination of operators labeled by AnijAn̄īj̄ which
contribute to the 2e2µ di↵erential cross section. The cou-
plings Anij have been separated into their real and imaginary
components as Anij = AnijR + iAnijI and we have set all
AnijR,I = 1. The partial widths have been normalized to the
SM value which we take equal to unity. All of the |AnijR,I |2 sit
along the diagonal whith the various interferonce terms mak-
ing up the o↵-diagonal terms. We have obtained these partial
widths by integrating the fully di↵erential cross section and
taking for our phase space 4 . M1,2 and

p
s = 125 GeV as

well as pT` > 2 GeV and ⌘` < 2.4. Note that many of the
interference terms are negative. In Fig. 13 we show the same
plot for the 4e final state. The blank entries indicate terms
which are identically zero after integration. In Sec. VII A
of the Appendix we also show the same partial widths for a
‘CMS-like’ phase space.

In Figs. 14 and 15 we also show the integral of the absolute
value of the fully di↵erential cross section over the same phase

space. This gives a clearer indication of the discriminating
power of the distributions in the fully di↵erential cross section
which uses di↵erences in the shapes of the distributions to
distinguish between the various operators. We can also see
from Figs. 14 and 15 blah blah blah.

One of the interesting questions to ask, is whether the
golden channel is sensitive to the Z� and �� couplings of ' as-
suming it is the recently discovered resonance at ⇠ 125 GeV.
Since it has been firmly established that this resonance cou-
ples to ZZ through the ZµZµ operator with a strength consis-
tent with the SM prediction [19] it may perhaps be di�cult
to extract the Z� and �� couplings since they only occur
through higher dimensional operators and will have couplings
⇠ O(10�2 � 10�3) thus suppressing the partial widths cor-
responding to those operators in Figs. 14-15. Determining
whether this is in fact impossible requires a detailed analysis
including detector e↵ects which is beyond the scope of this
paper, but we leave to an ongoing study [].

B. Simplified Analysis

In order to demonstrate the flexibility and potential of our
framework, we perform a simplified generator level analysis
neglecting any detector e↵ects and at center of mass energy.
To do this we construct a MEM using the fully di↵erential
cross sections in Eqs.(19) and (49) to build the signal plus
background pdf from which the total likelihood will be con-
structed. Thus we have,

PS+B(O|f, ~�) = f ⇥ PB(s, M1, M2, ~⌦) (50)

+(1 � f) ⇥ PS(m2
h, M1, M2, ~⌦|~�)

where O = (s, M1, M2, ~⌦) is our final set of observables to
be used in the construction of the likelihood and f is the
background fraction, for which we also fit. We can now write
the likelihood of obtaining a particular data set containing N
events as,

L(f, ~�) =

NY

O
PS+B(O|f, ~�). (51)

⇤ = L(�a)/L(�b) �! � (52)

PS(m2
h, M1, M2, ~⌦) =

d�

dM2
1 dM2

2 d~⌦
(53)

@L(~�)

@~�

���
�̂

= 0 (54)

where N is the number of events observed in a particular ex-

periment. With L(f, ~�) in hand we maximize with respect to

f and ~� to extract the values which maximize the likelihood.
We repeat this for a large number of pseudo experiments to
obtain distributions for the best fit value of the various pa-
rameters. More details on this procedure can be found in [?
].

As our example, we analyze the parameter point ~� =
(A1ZZ = 1, A2ZZ = 0, A3ZZ = 5.1, A2Z� = 0.05, A3Z� =
�0.1, A2�� = 0.07, A3�� = �0.08).

Likelihood now function of background fraction f in addition to ~λ
Can now easily perform fits for ~λ and f
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‘Detector level’ Likelihood

Ideally one also wants to include detector effects in likelihood
Need a likelihood that takes reconstructed CM observables as input
This can be done by a convolution of the generator level pdf with a
transfer function T (~XR |~XG ) over generator level observables

3

possible interference e↵ects between operators as well
as identical final states in the case of 4e/4µ. For the
irreducible background we have computed the process
qq̄ ! ZZ + Z� + �� ! 4` which includes the s-channel
(resonant) 4` process as well as the t-channel (di boson
production) 4` process and again includes all possible in-
terference e↵ects. The details of these calculations can
be found in [6] and [] along with the validation proce-
dures and detailed studies of the distributions. We have
implemented the analytic expressions from these studies
into our analysis framework to be described below.

III. CONSTRUCTION OF THE P.D.F.

To be able to perform a fit for the lagrangian tensor
structure, we must first obtain the probability density
function (p.d.f) for the observables as a function of the

lagrangian parameters ~�: P (s,pT , Y, M1, M2, ~⌦|~�). This
p.d.f. consists of two components which we assume to
be factorized: the parton level di↵erential cross section
as computed in Section II, and the production spectrum.
The total p.d.f. can be expressed as,

P (s,pT , Y, M1, M2, ~⌦|~�) = (6)

d�4`(s, M1, M2, ~⌦|~�)

dM2
1 dM2

2 d~⌦
⇥ Wprod(s,pT , Y ).

The production spectrum for background depends on the
parton distribution functions and is obtained from the
Madgraph/POWHEG [8, 9] Monte Carlo generator. The
production spectrum for the Higgs boson in the (pT , Y )
variables is obtained from the next-to-leading-order cal-
culation from POWHEG while the s spectrum is taken
to be a delta function centered at m2

h.
We explicitly assume that the decay process can be

factorized from the production mechanism and as men-
tion previously will eventually average over pT and Y .
Of course the expression in Eq.(6) represents the gener-
ator level p.d.f., while a realistic treatment involves the
p.d.f. after taking into account detector e↵ects. We ex-
amine this issue in more detail below and sketch the basic
procedure for obtaining the detector level p.d.f. while a
much more detailed discussion of the various issues can
be found in the Appendix in Sec.VII.

A. Obtaining p.d.f. in Terms of Detector
Observables

A realistic treatment of the signal and background re-
quires obtaining the p.d.f.s in terms of detector level ob-
servables. This can be done by a convolution of the gen-
erator level p.d.f. introduced in Eq.(6) with a transfer
function which parametrizes the e↵ects of the lepton se-
lection e�ciency and the imperfect momentum measure-
ment resolution of the detector. This can be represented

schematically as follows,

P ( ~XR|~�) =

Z
P ( ~XG|~�)T ( ~XR| ~XG)d ~XG, (7)

Here we take ~X to represent the set of CM variables as
~X = (s,pT , Y, M1, M2, ~⌦) and T ( ~XR| ~XG) is the trans-
fer function taking us from generator (G) level to recon-
structed (R) detector level observables. Including the

irrelevant o↵-set angle � the set of variables ~X exhausts
the twelve degrees of freedom available to the four final
state leptons. The di↵erential volume element is given by

d ~X = dsdpT dY dM2
1 dM2

2 d~⌦2. Upon integration over all
variables one obtains a p.d.f. which encompasses the rel-
evant detector e↵ects. While conceptually simple the in-
tegration is operationally challenging and in fact is most
easily done with a di↵erent set of variables than those in
the CM frame as we now discuss.

B. Changing Variables for Background p.d.f.

We first discuss the construction of the background de-
tector level p.d.f. before going on to discuss the construc-
tion of the signal case. Since there are no undetermined
parameters in the background the generator and detector

level p.d.f.s are given simply by PB( ~XG) and PB( ~XR)
respectively. In order to perform the convolution with
the transfer function we first transform to a more conve-
nient set of variables in which the detector smearing is
parametrized and then perform the integration in these
variables. To illustrate this procedure we first transform
from the twelve CM variables (including �) to the three
momentum for the four final state leptons. This can be
represented as follows,

PB( ~XR) =

Z
PB( ~XG|~�)T ( ~XR| ~XG)d ~XG

=

Z
PB( ~XG)T (~PR|~PG)

|J~P
G|

|J~P
R|

d~PG, (8)

where d~PG =
4Q

i=1

d~p G
i and ~p G

i is the generator level

three momentum of the i’th lepton. The |J~P
R| and |J~P

G| are
Jacobians associated with the twelve dimensional change

of variables from ~XR ! ~PR and ~XG ! ~PG in the trans-
fer function and di↵erential volume element respectively.

Since we assume that detector smearing will only af-
fect the component of the lepton momentum parallel to
the direction (pi||) of motion and not the two compo-

nents perpendicular to the direction of motion (~pi?), it
is convenient to decompose the lepton three momenta
~pi in terms of pi|| and ~pi? (Note that this is equivalent
to assuming angular resolution e↵ects due to detector
smearing can be neglected). In the (pi||, ~pi?) basis only
the transfer function associated with pi|| is non-trivial
while the one associated with the perpendicular compo-
nents can be represented simply as a delta function for

T (~XR |~XG ) represents probability to observe ~XR given ~XG

We assume transfer functions of leptons are independent
This integration takes us from generator level (~XG ) observables to
reconstructed detector level observables (~XR)
Conceptually simple, but requires a number of steps to perform (and
massive computing) see technical note for details

Have performed this convolution for both signal and background
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Normalization and Averaging over Y , pT

We then average over reconstructed pT ,Y and do not include them
as observables in likelihood

5

an approximate approach in which we interpolate ana-
lytic functions from the 1-D projections generated from
Madgraph and POWHEG. This procedure of course ne-
glects any correlations between the variables, but as we
are explicitly assuming factorization in addition to av-
eraging over Y , and pT the a↵ects of this approxima-
tion are small. This can be seen by examine Fig.??
where we have plotted the likelihood obtained from eval-
uating our p.d.f. with fully correlated POWHEG events
against the likelihood obtained with events generated
from our p.d.f. where these approximations have been
implemented. The interpolated functions are discussed
in more detail in the Appendix.

This will be edited and explained in more detail once
we pin down our procedure precisely. It would be good
to discuss the optimal way of doing this with Joe, Maria,
and Emanuele.

IV. CONSTRUCTION OF THE LIKELIHOODS

Once we have the detector level p.d.f.s obtained in
Eq.(11) and Eq.(15) we can then go on to construct the
full likelihood functions for a particular data set. Be-
fore doing so however, we must properly normalize the
background and signal p.d.f.s (technically they are not
p.d.f.s yet) by performing the full integration over all re-

constructed ~X variables where from now on we drop the
superscript R since we now only deal with detector level
variables. In this section we present an overview of the
normalization procedure. We also at this stage discuss
the averaging over the production variables Y and pT.
Finally we also discuss the implementation of systematic
uncertainties through the use of nuisance parameters in
the likelihood functions. Further details of all these inte-
grations can be found in the Appendix.

A. Normalization of Background and Signal p.d.f.s

We first perform the averaging procedure over the de-
tector level production variables Y and pT for the back-
ground p.d.f. by the following integration,

P (s, M1, M2, ~⌦) =

Z
P ( ~X)dY dpT . (17)

Yi I am probably missing some factor here that accounts
for the ‘averaging’ so make sure to check this. The beauty
of using this likelihood for fitting is that we don’t have
to worry about this factor for averaging, as long as it is
done consistently between all components that matters.
With this p.d.f. in terms of the eight CM observables
we can obtain the overall normalization via Monte Carlo
integration,

N =

Z
P (s, M1, M2, ~⌦)

⇥ dsdM2
1 dM2

2 d~⌦, (18)

which gives for our final normalized background p.d.f. ,

PB(s, M1, M2, ~⌦) = N�1
B ⇥ PB(s, M1, M2, ~⌦). (19)

Similarly for the signal we have for the averaging over
(Y,pT ) variables,

PS(m2
h, M1, M2, ~⌦|~�)

=

Z
PS( ~X|~�)dY dpT

���
s=m2

h

. (20)

To obtain the overall normalization we first note that it is
a function of the underlying parameters ~� = (A1, A2, A3)
defined in Eq.(1). However, from the calculation of
the parton level di↵erential cross section presented in
Sec.II C and in particular Eqs.(??) and (??) it is clear

that PS(m2
h, M1, M2, ~⌦|~�) is a sum over terms each of

which is proportional to AnA⇤
n̄. Thus we can write,

PS(m2
h, M1, M2, ~⌦|~�) =

3X

nn̄

AnA⇤
n̄ ⇥ PS(m2

h, M1, M2, ~⌦|~�)nn̄, (21)

where a factor of 1/2 is included when n = n̄. The sepa-
rate normalizations for each term can now easily be ob-
tain via,

N nn̄
S =

Z
PS(m2

h, M1, M2, ~⌦|~�)nn̄

⇥ dM2
1 dM2

2 d~⌦, (22)

from which we can now obtain the total overall normal-
ization for the signal p.d.f. as,

NS(~�) =

3X

nn̄

AnA⇤
n̄N nn̄

S . (23)

This gives finally for the normalized signal p.d.f. ,

PS(m2
h, M1, M2, ~⌦|~�) =

N�1
S (~�) ⇥ PS(m2

h, M1, M2, ~⌦|~�). (24)

B. Building Signal + Background p.d.f.
and Final Likelihood

With Eqs.(19) and (24) in hand we can now build the
signal plus background p.d.f. from which the total likeli-
hood will be constructed. Thus we have,

PS+B(O|f,~�) = f ⇥ PB(s, M1, M2, ~⌦) (25)

+(1 � f) ⇥ PS(m2
h, M1, M2, ~⌦|~�).

where O = (s, M1, M2, ~⌦) is our final set of observables
to be used in the construction of the likelihood and f is
the background fraction, for which we also fit.

We can now write the likelihood of obtaining a partic-
ular data set containing N events as,

L(f,~�) =
NY

O
PS+B(O|f,~�). (26)

(where we implicitly use only reconstructed observables from now on)
Need overall normalization of pdf for detector level decay observables

5

an approximate approach in which we interpolate ana-
lytic functions from the 1-D projections generated from
Madgraph and POWHEG. This procedure of course ne-
glects any correlations between the variables, but as we
are explicitly assuming factorization in addition to av-
eraging over Y , and pT the a↵ects of this approxima-
tion are small. This can be seen by examine Fig.??
where we have plotted the likelihood obtained from eval-
uating our p.d.f. with fully correlated POWHEG events
against the likelihood obtained with events generated
from our p.d.f. where these approximations have been
implemented. The interpolated functions are discussed
in more detail in the Appendix.

This will be edited and explained in more detail once
we pin down our procedure precisely. It would be good
to discuss the optimal way of doing this with Joe, Maria,
and Emanuele.

IV. CONSTRUCTION OF THE LIKELIHOODS

Once we have the detector level p.d.f.s obtained in
Eq.(11) and Eq.(15) we can then go on to construct the
full likelihood functions for a particular data set. Be-
fore doing so however, we must properly normalize the
background and signal p.d.f.s (technically they are not
p.d.f.s yet) by performing the full integration over all re-

constructed ~X variables where from now on we drop the
superscript R since we now only deal with detector level
variables. In this section we present an overview of the
normalization procedure. We also at this stage discuss
the averaging over the production variables Y and pT.
Finally we also discuss the implementation of systematic
uncertainties through the use of nuisance parameters in
the likelihood functions. Further details of all these inte-
grations can be found in the Appendix.

A. Normalization of Background and Signal p.d.f.s

We first perform the averaging procedure over the de-
tector level production variables Y and pT for the back-
ground p.d.f. by the following integration,

P (s, M1, M2, ~⌦) =

Z
P ( ~X)dY dpT . (17)

Yi I am probably missing some factor here that accounts
for the ‘averaging’ so make sure to check this. The beauty
of using this likelihood for fitting is that we don’t have
to worry about this factor for averaging, as long as it is
done consistently between all components that matters.
With this p.d.f. in terms of the eight CM observables
we can obtain the overall normalization via Monte Carlo
integration,

N =

Z
P (s, M1, M2, ~⌦)

⇥ dsdM2
1 dM2

2 d~⌦ (18)

which gives for our final normalized background p.d.f. ,

PB(s, M1, M2, ~⌦) = N�1
B ⇥ PB(s, M1, M2, ~⌦). (19)

Similarly for the signal we have for the averaging over
(Y,pT ) variables,

PS(m2
h, M1, M2, ~⌦|~�)

=

Z
PS( ~X|~�)dY dpT

���
s=m2

h

. (20)

To obtain the overall normalization we first note that it is
a function of the underlying parameters ~� = (A1, A2, A3)
defined in Eq.(1). However, from the calculation of
the parton level di↵erential cross section presented in
Sec.II C and in particular Eqs.(??) and (??) it is clear

that PS(m2
h, M1, M2, ~⌦|~�) is a sum over terms each of

which is proportional to AnA⇤
n̄. Thus we can write,

PS(m2
h, M1, M2, ~⌦|~�) =

3X

nn̄

AnA⇤
n̄ ⇥ PS(m2

h, M1, M2, ~⌦|~�)nn̄, (21)

where a factor of 1/2 is included when n = n̄. The sepa-
rate normalizations for each term can now easily be ob-
tain via,

N nn̄
S =

Z
PS(m2

h, M1, M2, ~⌦|~�)nn̄

⇥ dM2
1 dM2

2 d~⌦, (22)

from which we can now obtain the total overall normal-
ization for the signal p.d.f. as,

NS(~�) =

3X

nn̄

AnA⇤
n̄N nn̄

S . (23)

This gives finally for the normalized signal p.d.f. ,

PS(m2
h, M1, M2, ~⌦|~�) =

N�1
S (~�) ⇥ PS(m2

h, M1, M2, ~⌦|~�). (24)

B. Building Signal + Background p.d.f.
and Final Likelihood

With Eqs.(19) and (24) in hand we can now build the
signal plus background p.d.f. from which the total likeli-
hood will be constructed. Thus we have,

PS+B(O|f,~�) = f ⇥ PB(s, M1, M2, ~⌦) (25)

+(1 � f) ⇥ PS(m2
h, M1, M2, ~⌦|~�).

where O = (s, M1, M2, ~⌦) is our final set of observables
to be used in the construction of the likelihood and f is
the background fraction, for which we also fit.

We can now write the likelihood of obtaining a partic-
ular data set containing N events as,

L(f,~�) =

NY

O
PS+B(O|f,~�). (26)
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Eq.(11) and Eq.(15) we can then go on to construct the
full likelihood functions for a particular data set. Be-
fore doing so however, we must properly normalize the
background and signal p.d.f.s (technically they are not
p.d.f.s yet) by performing the full integration over all re-

constructed ~X variables where from now on we drop the
superscript R since we now only deal with detector level
variables. In this section we present an overview of the
normalization procedure. We also at this stage discuss
the averaging over the production variables Y and pT.
Finally we also discuss the implementation of systematic
uncertainties through the use of nuisance parameters in
the likelihood functions. Further details of all these inte-
grations can be found in the Appendix.

A. Normalization of Background and Signal p.d.f.s

We first perform the averaging procedure over the de-
tector level production variables Y and pT for the back-
ground p.d.f. by the following integration,

PB(s, M1, M2, ~⌦) =

Z
PB( ~X)dY dpT . (17)

Yi I am probably missing some factor here that accounts
for the ‘averaging’ so make sure to check this. The beauty
of using this likelihood for fitting is that we don’t have
to worry about this factor for averaging, as long as it is
done consistently between all components that matters.
With this p.d.f. in terms of the eight CM observables
we can obtain the overall normalization via Monte Carlo
integration,

NB =

Z
PB(s, M1, M2, ~⌦)

⇥ dsdM2
1 dM2

2 d~⌦, (18)

which gives for our final normalized background p.d.f. ,

P(s, M1, M2, ~⌦) = N�1 ⇥ P (s, M1, M2, ~⌦). (19)

Similarly for the signal we have for the averaging over
(Y,pT ) variables,

PS(m2
h, M1, M2, ~⌦|~�)

=

Z
PS( ~X|~�)dY dpT

���
s=m2

h

. (20)

To obtain the overall normalization we first note that it is
a function of the underlying parameters ~� = (A1, A2, A3)
defined in Eq.(1). However, from the calculation of
the parton level di↵erential cross section presented in
Sec.II C and in particular Eqs.(??) and (??) it is clear

that PS(m2
h, M1, M2, ~⌦|~�) is a sum over terms each of

which is proportional to AnA⇤
n̄. Thus we can write,

PS(m2
h, M1, M2, ~⌦|~�) =

3X

nn̄

AnA⇤
n̄ ⇥ PS(m2

h, M1, M2, ~⌦|~�)nn̄, (21)

where a factor of 1/2 is included when n = n̄. The sepa-
rate normalizations for each term can now easily be ob-
tain via,

N nn̄
S =

Z
PS(m2

h, M1, M2, ~⌦|~�)nn̄

⇥ dM2
1 dM2

2 d~⌦, (22)

from which we can now obtain the total overall normal-
ization for the signal p.d.f. as,

NS(~�) =

3X

nn̄

AnA⇤
n̄N nn̄

S . (23)

This gives finally for the normalized signal p.d.f. ,

PS(m2
h, M1, M2, ~⌦|~�) =

N�1
S (~�) ⇥ PS(m2

h, M1, M2, ~⌦|~�). (24)

B. Building Signal + Background p.d.f.
and Final Likelihood

With Eqs.(19) and (24) in hand we can now build the
signal plus background p.d.f. from which the total likeli-
hood will be constructed. Thus we have,

PS+B(O|f,~�) = f ⇥ PB(s, M1, M2, ~⌦) (25)

+(1 � f) ⇥ PS(m2
h, M1, M2, ~⌦|~�).

where O = (s, M1, M2, ~⌦) is our final set of observables
to be used in the construction of the likelihood and f is
the background fraction, for which we also fit.

We can now write the likelihood of obtaining a partic-
ular data set containing N events as,

L(f,~�) =
NY

O
PS+B(O|f,~�). (26)

Can be obtained via Monte Carlo integration see technical note for details

Now have all pieces necessary for detector level likelihood LR(~λ)
Can perform fits in the same manner as in the generator level studies
Once LR(~λ) is constructed fits to parameters are very fast
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Reconstructed Level Observables

We plot our detector level projections (red) on top of Madgraph data
which has had detector effects applied to it (blue)
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Reconstructed Level Likelihoods

We can do the same thing with the likelihoods

log(PDF)
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Preliminary
These are the detector level likelihoods
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Summary of Analysis Procedure

Direct Extraction of Higgs Couplings in Golden Channel

Obtain analytic generator level pdf P(~XG |~λ) from fully diff cxn
Perform convolution with transfer function

3

possible interference e↵ects between operators as well
as identical final states in the case of 4e/4µ. For the
irreducible background we have computed the process
qq̄ ! ZZ + Z� + �� ! 4` which includes the s-channel
(resonant) 4` process as well as the t-channel (di boson
production) 4` process and again includes all possible in-
terference e↵ects. The details of these calculations can
be found in [6] and [] along with the validation proce-
dures and detailed studies of the distributions. We have
implemented the analytic expressions from these studies
into our analysis framework to be described below.

III. CONSTRUCTION OF THE P.D.F.

To be able to perform a fit for the lagrangian tensor
structure, we must first obtain the probability density
function (p.d.f) for the observables as a function of the

lagrangian parameters ~�: P (s,pT , Y, M1, M2, ~⌦|~�). This
p.d.f. consists of two components which we assume to
be factorized: the parton level di↵erential cross section
as computed in Section II, and the production spectrum.
The total p.d.f. can be expressed as,

P (s,pT , Y, M1, M2, ~⌦|~�) = (6)

d�4`(s, M1, M2, ~⌦|~�)

dM2
1 dM2

2 d~⌦
⇥ Wprod(s,pT , Y ).

The production spectrum for background depends on the
parton distribution functions and is obtained from the
Madgraph/POWHEG [8, 9] Monte Carlo generator. The
production spectrum for the Higgs boson in the (pT , Y )
variables is obtained from the next-to-leading-order cal-
culation from POWHEG while the s spectrum is taken
to be a delta function centered at m2

h.
We explicitly assume that the decay process can be

factorized from the production mechanism and as men-
tion previously will eventually average over pT and Y .
Of course the expression in Eq.(6) represents the gener-
ator level p.d.f., while a realistic treatment involves the
p.d.f. after taking into account detector e↵ects. We ex-
amine this issue in more detail below and sketch the basic
procedure for obtaining the detector level p.d.f. while a
much more detailed discussion of the various issues can
be found in the Appendix in Sec.VII.

A. Obtaining p.d.f. in Terms of Detector
Observables

A realistic treatment of the signal and background re-
quires obtaining the p.d.f.s in terms of detector level ob-
servables. This can be done by a convolution of the gen-
erator level p.d.f. introduced in Eq.(6) with a transfer
function which parametrizes the e↵ects of the lepton se-
lection e�ciency and the imperfect momentum measure-
ment resolution of the detector. This can be represented

schematically as follows,

P ( ~XR|~�) =

Z
P ( ~XG|~�)T ( ~XR| ~XG)d ~XG, (7)

Here we take ~X to represent the set of CM variables as
~X = (s,pT , Y, M1, M2, ~⌦) and T ( ~XR| ~XG) is the trans-
fer function taking us from generator (G) level to recon-
structed (R) detector level observables. Including the

irrelevant o↵-set angle � the set of variables ~X exhausts
the twelve degrees of freedom available to the four final
state leptons. The di↵erential volume element is given by

d ~X = dsdpT dY dM2
1 dM2

2 d~⌦2. Upon integration over all
variables one obtains a p.d.f. which encompasses the rel-
evant detector e↵ects. While conceptually simple the in-
tegration is operationally challenging and in fact is most
easily done with a di↵erent set of variables than those in
the CM frame as we now discuss.

B. Changing Variables for Background p.d.f.

We first discuss the construction of the background de-
tector level p.d.f. before going on to discuss the construc-
tion of the signal case. Since there are no undetermined
parameters in the background the generator and detector

level p.d.f.s are given simply by PB( ~XG) and PB( ~XR)
respectively. In order to perform the convolution with
the transfer function we first transform to a more conve-
nient set of variables in which the detector smearing is
parametrized and then perform the integration in these
variables. To illustrate this procedure we first transform
from the twelve CM variables (including �) to the three
momentum for the four final state leptons. This can be
represented as follows,

PB( ~XR) =

Z
PB( ~XG|~�)T ( ~XR| ~XG)d ~XG

=

Z
PB( ~XG)T (~PR|~PG)

|J~P
G|

|J~P
R|

d~PG, (8)

where d~PG =
4Q

i=1

d~p G
i and ~p G

i is the generator level

three momentum of the i’th lepton. The |J~P
R| and |J~P

G| are
Jacobians associated with the twelve dimensional change

of variables from ~XR ! ~PR and ~XG ! ~PG in the trans-
fer function and di↵erential volume element respectively.

Since we assume that detector smearing will only af-
fect the component of the lepton momentum parallel to
the direction (pi||) of motion and not the two compo-

nents perpendicular to the direction of motion (~pi?), it
is convenient to decompose the lepton three momenta
~pi in terms of pi|| and ~pi? (Note that this is equivalent
to assuming angular resolution e↵ects due to detector
smearing can be neglected). In the (pi||, ~pi?) basis only
the transfer function associated with pi|| is non-trivial
while the one associated with the perpendicular compo-
nents can be represented simply as a delta function for

Normalize pdf over ~XR , build detector level likelihood as function of ~λ
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FIG. 11. PLACE HOLDERS:Comparing the LO Mad-
graph vs Eq.(49) results for the azimuthal angles � and �1for
the range 4 GeV  M1,2 and assuming M1 > M2. We take
the four lepton system invariant mass to be

p
s = 125 GeV .

properties.

A. Relative Partial Widths

To get a feel for relative sizes of the operators in Eq.(3)
we show in Fig. 12 the relative ‘partial widths’ for every
possible combination of operators labeled by AnijAn̄īj̄ which
contribute to the 2e2µ di↵erential cross section. The cou-
plings Anij have been separated into their real and imaginary
components as Anij = AnijR + iAnijI and we have set all
AnijR,I = 1. The partial widths have been normalized to the
SM value which we take equal to unity. All of the |AnijR,I |2 sit
along the diagonal whith the various interferonce terms mak-
ing up the o↵-diagonal terms. We have obtained these partial
widths by integrating the fully di↵erential cross section and
taking for our phase space 4 . M1,2 and

p
s = 125 GeV as

well as pT` > 2 GeV and ⌘` < 2.4. Note that many of the
interference terms are negative. In Fig. 13 we show the same
plot for the 4e final state. The blank entries indicate terms
which are identically zero after integration. In Sec. VII A
of the Appendix we also show the same partial widths for a
‘CMS-like’ phase space.

In Figs. 14 and 15 we also show the integral of the absolute
value of the fully di↵erential cross section over the same phase

space. This gives a clearer indication of the discriminating
power of the distributions in the fully di↵erential cross section
which uses di↵erences in the shapes of the distributions to
distinguish between the various operators. We can also see
from Figs. 14 and 15 blah blah blah.

One of the interesting questions to ask, is whether the
golden channel is sensitive to the Z� and �� couplings of ' as-
suming it is the recently discovered resonance at ⇠ 125 GeV.
Since it has been firmly established that this resonance cou-
ples to ZZ through the ZµZµ operator with a strength consis-
tent with the SM prediction [19] it may perhaps be di�cult
to extract the Z� and �� couplings since they only occur
through higher dimensional operators and will have couplings
⇠ O(10�2 � 10�3) thus suppressing the partial widths cor-
responding to those operators in Figs. 14-15. Determining
whether this is in fact impossible requires a detailed analysis
including detector e↵ects which is beyond the scope of this
paper, but we leave to an ongoing study [].

B. Simplified Analysis

In order to demonstrate the flexibility and potential of our
framework, we perform a simplified generator level analysis
neglecting any detector e↵ects and at center of mass energy.
To do this we construct a MEM using the fully di↵erential
cross sections in Eqs.(19) and (49) to build the signal plus
background pdf from which the total likelihood will be con-
structed. Thus we have,

PS+B(O|f, ~�) = f ⇥ PB(s, M1, M2, ~⌦) (50)

+(1 � f) ⇥ PS(m2
h, M1, M2, ~⌦|~�).

where O = (s, M1, M2, ~⌦) is our final set of observables to
be used in the construction of the likelihood and f is the
background fraction, for which we also fit. We can now write
the likelihood of obtaining a particular data set containing N
events as,

L(f, ~�) =
NY

O
PS+B(O|f, ~�). (51)

⇤ = L(�a)/L(�b) �! � (52)

P ( ~XR|~�) =

Z
P ( ~XG|~�)T ( ~XR| ~XG)d ~XG, (53)

L(~�) =
NY

~XR

P( ~XR|~�). (54)

PS(m2
h, M1, M2, ~⌦|~�) =

d�h!4`

dM2
1 dM2

2 d~⌦
(55)

PB(s, M1, M2, ~⌦) =
d�qq̄!4`

dM2
1 dM2

2 d~⌦
(56)

Maximize likelihood with respect to undetermined parameters
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FIG. 11. PLACE HOLDERS:Comparing the LO Mad-
graph vs Eq.(49) results for the azimuthal angles � and �1for
the range 4 GeV  M1,2 and assuming M1 > M2. We take
the four lepton system invariant mass to be

p
s = 125 GeV .

properties.

A. Relative Partial Widths

To get a feel for relative sizes of the operators in Eq.(3)
we show in Fig. 12 the relative ‘partial widths’ for every
possible combination of operators labeled by AnijAn̄īj̄ which
contribute to the 2e2µ di↵erential cross section. The cou-
plings Anij have been separated into their real and imaginary
components as Anij = AnijR + iAnijI and we have set all
AnijR,I = 1. The partial widths have been normalized to the
SM value which we take equal to unity. All of the |AnijR,I |2 sit
along the diagonal whith the various interferonce terms mak-
ing up the o↵-diagonal terms. We have obtained these partial
widths by integrating the fully di↵erential cross section and
taking for our phase space 4 . M1,2 and

p
s = 125 GeV as

well as pT` > 2 GeV and ⌘` < 2.4. Note that many of the
interference terms are negative. In Fig. 13 we show the same
plot for the 4e final state. The blank entries indicate terms
which are identically zero after integration. In Sec. VII A
of the Appendix we also show the same partial widths for a
‘CMS-like’ phase space.

In Figs. 14 and 15 we also show the integral of the absolute
value of the fully di↵erential cross section over the same phase

space. This gives a clearer indication of the discriminating
power of the distributions in the fully di↵erential cross section
which uses di↵erences in the shapes of the distributions to
distinguish between the various operators. We can also see
from Figs. 14 and 15 blah blah blah.

One of the interesting questions to ask, is whether the
golden channel is sensitive to the Z� and �� couplings of ' as-
suming it is the recently discovered resonance at ⇠ 125 GeV.
Since it has been firmly established that this resonance cou-
ples to ZZ through the ZµZµ operator with a strength consis-
tent with the SM prediction [19] it may perhaps be di�cult
to extract the Z� and �� couplings since they only occur
through higher dimensional operators and will have couplings
⇠ O(10�2 � 10�3) thus suppressing the partial widths cor-
responding to those operators in Figs. 14-15. Determining
whether this is in fact impossible requires a detailed analysis
including detector e↵ects which is beyond the scope of this
paper, but we leave to an ongoing study [].

B. Simplified Analysis

In order to demonstrate the flexibility and potential of our
framework, we perform a simplified generator level analysis
neglecting any detector e↵ects and at center of mass energy.
To do this we construct a MEM using the fully di↵erential
cross sections in Eqs.(19) and (49) to build the signal plus
background pdf from which the total likelihood will be con-
structed. Thus we have,

PS+B(O|f, ~�) = f ⇥ PB(s, M1, M2, ~⌦) (50)

+(1 � f) ⇥ PS(m2
h, M1, M2, ~⌦).

where O = (s, M1, M2, ~⌦) is our final set of observables to
be used in the construction of the likelihood and f is the
background fraction, for which we also fit. We can now write
the likelihood of obtaining a particular data set containing N
events as,

L(f, ~�) =
NY

O
PS+B(O|f, ~�). (51)

⇤ = L(�a)/L(�b) �! � (52)

@L(~�)

@~�

���
�̂

= 0 (53)

where N is the number of events observed in a particular ex-

periment. With L(f, ~�) in hand we maximize with respect to

f and ~� to extract the values which maximize the likelihood.
We repeat this for a large number of pseudo experiments to
obtain distributions for the best fit value of the various pa-
rameters. More details on this procedure can be found in [?
].

As our example, we analyze the parameter point ~� =
(A1ZZ = 1, A2ZZ = 0, A3ZZ = 5.1, A2Z� = 0.05, A3Z� =
�0.1, A2�� = 0.07, A3�� = �0.08).

Extract λ̂ for a given data set of N observables
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Ongoing Work/Down the Road

Things left to Implement/Optimize:
I Optimization of convolution especially for signal pdf
I Optimization of production effects
I Inclusion of systematic uncertainties
I Strategy for performing fits and optimal parametrization

Once framework is sufficiently optimized:
I Perform detailed study of Higgs ZZ couplings assuming near SM
I Perform a dedicated study of Zγ and γγ couplings
I Perform detailed comparison of 2e2µ vs 4e/4µ channels
I Apply analysis framework to study h→ 2`γ channel
I Extract Higgs couplings!
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Conclusion

Golden Channel indispensable window to underlying physics
NP could show up in small deviations of the kinematic distributions
We have built a continuous, detector level, likelihood to maximize the
information contained in this channel
We utilize all 8 reconstructed Higgs CM decay observables
Can perform direct multi-parameter extraction to pin down Higgs
couplings to neutral EW gauge bosons including correlations
An amazing channel containing vast information and which should be
carefully studied from all angles

Thank you to Fermilab Graduate Student Fellowship program!
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Extra Slides: Detector Level Signal + Background

Perform a 6 parameter fit for all A2ij ,A3ij assuming SM
100 Signal + 25 Background Events, 130 Pseudo Exp

R ij
n = Anij/A1ZZ
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Extra Slides: Detector Level Signal + Background

Perform a 6 parameter fit for all A2ij ,A3ij assuming SM
100 Signal + 25 Background Events, 130 Pseudo Exp

R ij
n = Anij/A1ZZ
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Extra Slides: Detector Level Signal + Background

We must now also fit to the background fraction
100 Signal + 25 Background Events, 130 Pseudo Exp
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Extra Slides: Detector Level Signal + Background

Can also examine correlations between parameters
100 Signal + 25 Background Events, 130 Pseudo Exp

R ij
n = Anij/A1ZZ
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Extra Slides: Detector Level Signal + Background

Can also examine correlations between parameters
100 Signal + 25 Background Events, 130 Pseudo Exp
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Extra Slides: ‘Absolute Branching Ratios’ - 2e2µ

‘Absolute branching ratios’ contain some information about shape
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Extra Slides: ‘Absolute Branching Ratios’ - 4e

Again differ between 2e2µ and 4e/4µ
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Extra Slides: qq̄ → 2e2µ Background Components

s-channel 4` process

What is the Golden Channel?: Background

Irreducible background is primarily qq̄ ! 4`
This includes both the t-channel and s-channel process

Can also have contribution from fakes and gg ! 4`
These are subdominant to the qq̄ ! 4` process
Again V1 and V2 can be Z or � and ` = e, µ

A rich interference structure between various intermediate states as
well as between s and t-channel and identical final states for 4e/4µ

R.Vega-Morales (NU/FNAL) Golden Obsessions FNAL: August 2013 4 / 44

t + u-channel di-boson production

What is the Golden Channel?: Background

Irreducible background is primarily qq̄ ! 4`
This includes both the t-channel and s-channel process

Can also have contribution from fakes and gg ! 4`
These are subdominant to the qq̄ ! 4` process
Again V1 and V2 can be Z or � and ` = e, µ

A rich interference structure between various intermediate states as
well as between s and t-channel and identical final states for 4e/4µ

R.Vega-Morales (NU/FNAL) Golden Obsessions FNAL: August 2013 4 / 44

Including their interference
The relative fraction of these components depends on s
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Extra Slides: BG Relative Fractions - 2e2µ Channel

Left: 4 GeV< M1,2 < 120 GeV
Right: 40 GeV< M1 < 120 GeV and 10 GeV< M2 < 120 GeV

Y. Chen, N. Tran, RVM: 1211.1959
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In Higgs signal region ∼ 125 GeV Zγ di-boson production dominates
Small contribution from s-channel Z → 2e2µ production
Will see this can still affect angular distributions
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Extra Slides: BG Validation with Madgraph/POWHEG

Phase space: 110 GeV
√

s < 140 GeV with
40 GeV< M1 <120 GeV and 10 GeV< M2 <120 GeV
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Extra Slides: BG Validation with Madgraph/POWHEG

The lepton decay angles
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Extra Slides: ‘Branching Ratios’ with ‘No Z’ Cuts - 2e2µ

‘Branching ratios’ with a Z boson ‘cut out’ of phase space
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Extra Slides: ‘Branching Ratios’ with ‘No Z’ Cuts - 4e/4µ

‘Branching ratios’ with a Z boson ‘cut out’ of phase space
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Extra Slides: Production Spectrum

We need a function for the ‘production’ spectrum to form full pdf

3

possible interference e↵ects between operators as well
as identical final states in the case of 4e/4µ. For the
irreducible background we have computed the process
qq̄ ! ZZ + Z� + �� ! 4` which includes the s-channel
(resonant) 4` process as well as the t-channel (di boson
production) 4` process and again includes all possible in-
terference e↵ects. The details of these calculations can
be found in [6] and [] along with the validation proce-
dures and detailed studies of the distributions. We have
implemented the analytic expressions from these studies
into our analysis framework to be described below.

III. CONSTRUCTION OF THE P.D.F.

To be able to perform a fit for the lagrangian tensor
structure, we must first obtain the probability density
function (p.d.f) for the observables as a function of the

lagrangian parameters ~�: P (s,pT , Y, M1, M2, ~⌦|~�). This
p.d.f. consists of two components which we assume to
be factorized: the parton level di↵erential cross section
as computed in Section II, and the production spectrum.
The total p.d.f. can be expressed as,

P (s, ~pT , Y, M1, M2, ~⌦|~�) = (6)

d�4`(s, M1, M2, ~⌦|~�)

dM2
1 dM2

2 d~⌦
⇥ Wprod(s, ~pT , Y ).

The production spectrum for background depends on the
parton distribution functions and is obtained from the
Madgraph/POWHEG [8, 9] Monte Carlo generator. The
production spectrum for the Higgs boson in the (pT , Y )
variables is obtained from the next-to-leading-order cal-
culation from POWHEG while the s spectrum is taken
to be a delta function centered at m2

h.

We explicitly assume that the decay process can be
factorized from the production mechanism and as men-
tion previously will eventually average over pT and Y .
Of course the expression in Eq.(6) represents the gener-
ator level p.d.f., while a realistic treatment involves the
p.d.f. after taking into account detector e↵ects. We ex-
amine this issue in more detail below and sketch the basic
procedure for obtaining the detector level p.d.f. while a
much more detailed discussion of the various issues can
be found in the Appendix in Sec.VII.

A. Obtaining pdf in Terms of Detector Observables

A realistic treatment of the signal and background re-
quires obtaining the pdfs in terms of detector level ob-
servables. This can be done by a convolution of the gen-
erator level p.d.f. introduced in Eq.(6) with a transfer
function which parametrizes the e↵ects of the lepton se-
lection e�ciency and the imperfect momentum measure-
ment resolution of the detector. This can be represented

schematically as follows,

P ( ~XR|~�) =

Z
P ( ~XG|~�)T ( ~XR| ~XG)d ~XG, (7)

Here we take ~X to represent the set of CM variables as
~X = (s,pT , Y, M1, M2, ~⌦) and T ( ~XR| ~XG) is the trans-
fer function taking us from generator (G) level to recon-
structed (R) detector level observables. Including the

irrelevant o↵-set angle � the set of variables ~X exhausts
the twelve degrees of freedom available to the four final
state leptons. The di↵erential volume element is given by

d ~X = dsdpT dY dM2
1 dM2

2 d~⌦2. Upon integration over all
variables one obtains a pdf which encompasses the rele-
vant detector e↵ects. While conceptually simple the in-
tegration is operationally challenging and in fact is most
easily done with a di↵erent set of variables than those in
the CM frame as we now discuss.

B. Changing Variables for Background p.d.f.

We first discuss the construction of the background de-
tector level pdf before going on to discuss the construc-
tion of the signal case. Since there are no undetermined
parameters in the background the generator and detec-

tor level pdfs are given simply by PB( ~XG) and PB( ~XR)
respectively. In order to perform the convolution with
the transfer function we first transform to a more conve-
nient set of variables in which the detector smearing is
parametrized and then perform the integration in these
variables. To illustrate this procedure we first transform
from the twelve CM variables (including �) to the three
momentum for the four final state leptons. This can be
represented as follows,

PB( ~XR) =

Z
PB( ~XG|~�)T ( ~XR| ~XG)d ~XG

=

Z
PB( ~XG)T (~PR|~PG)

|J~P
G|

|J~P
R|

d~PG, (8)

where d~PG =
4Q

i=1

d~p G
i and ~p G

i is the generator level

three momentum of the i’th lepton. The |J~P
R| and |J~P

G| are
Jacobians associated with the twelve dimensional change

of variables from ~XR ! ~PR and ~XG ! ~PG in the trans-
fer function and di↵erential volume element respectively.

Since we assume that detector smearing will only af-
fect the component of the lepton momentum parallel to
the direction (pi||) of motion and not the two compo-

nents perpendicular to the direction of motion (~pi?), it
is convenient to decompose the lepton three momenta
~pi in terms of pi|| and ~pi? (Note that this is equivalent
to assuming angular resolution e↵ects due to detector
smearing can be neglected). In the (pi||, ~pi?) basis only
the transfer function associated with pi|| is non-trivial
while the one associated with the perpendicular compo-
nents can be represented simply as a delta function for

Several options for obtaining Wprod :
I Can construct ‘analytic’ parametrization of parton distribution

functions (see Gao, Gritsan et. al. 1001.3396)

I Use ‘look up’ tables and boost events accordingly
I NLO effects can be included here as well (see Campbell, Giele, Williams)

Currently working on finding optimal implementation
Since we ultimately fit to ratios of parameters as well as fractional
yield, analysis largely insensitive to these ‘production effects’
Enters mainly as an acceptance effect due to detector
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Extra Slides: Convolution of pdf

It is a 12 dimensional integration over the components of the three
momenta of the four massless final state leptons
We can parametrize these 12 observables in the CM frame as

3

possible interference e↵ects between operators as well
as identical final states in the case of 4e/4µ. For the
irreducible background we have computed the process
qq̄ ! ZZ + Z� + �� ! 4` which includes the s-channel
(resonant) 4` process as well as the t-channel (di boson
production) 4` process and again includes all possible in-
terference e↵ects. The details of these calculations can
be found in [6] and [] along with the validation proce-
dures and detailed studies of the distributions. We have
implemented the analytic expressions from these studies
into our analysis framework to be described below.

III. CONSTRUCTION OF THE P.D.F.

To be able to perform a fit for the lagrangian tensor
structure, we must first obtain the probability density
function (p.d.f) for the observables as a function of the

lagrangian parameters ~�: P (s,pT , Y, M1, M2, ~⌦|~�). This
p.d.f. consists of two components which we assume to
be factorized: the parton level di↵erential cross section
as computed in Section II, and the production spectrum.
The total p.d.f. can be expressed as,

P (s,pT , Y, M1, M2, ~⌦|~�) = (6)

d�4`(s, M1, M2, ~⌦|~�)

dM2
1 dM2

2 d~⌦
⇥ Wprod(s,pT , Y ).

The production spectrum for background depends on the
parton distribution functions and is obtained from the
Madgraph/POWHEG [8, 9] Monte Carlo generator. The
production spectrum for the Higgs boson in the (pT , Y )
variables is obtained from the next-to-leading-order cal-
culation from POWHEG while the s spectrum is taken
to be a delta function centered at m2

h.

We explicitly assume that the decay process can be
factorized from the production mechanism and as men-
tion previously will eventually average over pT and Y .
Of course the expression in Eq.(6) represents the gener-
ator level p.d.f., while a realistic treatment involves the
p.d.f. after taking into account detector e↵ects. We ex-
amine this issue in more detail below and sketch the basic
procedure for obtaining the detector level p.d.f. while a
much more detailed discussion of the various issues can
be found in the Appendix in Sec.VII.

A. Obtaining pdf in Terms of Detector Observables

A realistic treatment of the signal and background re-
quires obtaining the p.d.f.s in terms of detector level ob-
servables. This can be done by a convolution of the gen-
erator level p.d.f. introduced in Eq.(6) with a transfer
function which parametrizes the e↵ects of the lepton se-
lection e�ciency and the imperfect momentum measure-
ment resolution of the detector. This can be represented

schematically as follows,

P ( ~XR|~�) =

Z
P ( ~XG|~�)T ( ~XR| ~XG)d ~XG, (7)

Here we take ~X to represent the set of CM variables as
~X = (s,pT , Y, M1, M2, ~⌦) and T ( ~XR| ~XG) is the trans-
fer function taking us from generator (G) level to recon-
structed (R) detector level observables. Including the

irrelevant o↵-set angle � the set of variables ~X exhausts
the twelve degrees of freedom available to the four final
state leptons. The di↵erential volume element is given by

d ~X = dsdpT dY dM2
1 dM2

2 d~⌦2. Upon integration over all
variables one obtains a p.d.f. which encompasses the rel-
evant detector e↵ects. While conceptually simple the in-
tegration is operationally challenging and in fact is most
easily done with a di↵erent set of variables than those in
the CM frame as we now discuss.

B. Changing Variables for Background p.d.f.

We first discuss the construction of the background de-
tector level p.d.f. before going on to discuss the construc-
tion of the signal case. Since there are no undetermined
parameters in the background the generator and detector

level p.d.f.s are given simply by PB( ~XG) and PB( ~XR)
respectively. In order to perform the convolution with
the transfer function we first transform to a more conve-
nient set of variables in which the detector smearing is
parametrized and then perform the integration in these
variables. To illustrate this procedure we first transform
from the twelve CM variables (including �) to the three
momentum for the four final state leptons. This can be
represented as follows,

PB( ~XR) =

Z
PB( ~XG|~�)T ( ~XR| ~XG)d ~XG

=

Z
PB( ~XG)T (~PR|~PG)

|J~P
G|

|J~P
R|

d~PG, (8)

where d~PG =
4Q

i=1

d~p G
i and ~p G

i is the generator level

three momentum of the i’th lepton. The |J~P
R| and |J~P

G| are
Jacobians associated with the twelve dimensional change

of variables from ~XR ! ~PR and ~XG ! ~PG in the trans-
fer function and di↵erential volume element respectively.

Since we assume that detector smearing will only af-
fect the component of the lepton momentum parallel to
the direction (pi||) of motion and not the two compo-

nents perpendicular to the direction of motion (~pi?), it
is convenient to decompose the lepton three momenta
~pi in terms of pi|| and ~pi? (Note that this is equivalent
to assuming angular resolution e↵ects due to detector
smearing can be neglected). In the (pi||, ~pi?) basis only
the transfer function associated with pi|| is non-trivial
while the one associated with the perpendicular compo-
nents can be represented simply as a delta function for

3

possible interference e↵ects between operators as well
as identical final states in the case of 4e/4µ. For the
irreducible background we have computed the process
qq̄ ! ZZ + Z� + �� ! 4` which includes the s-channel
(resonant) 4` process as well as the t-channel (di boson
production) 4` process and again includes all possible in-
terference e↵ects. The details of these calculations can
be found in [6] and [] along with the validation proce-
dures and detailed studies of the distributions. We have
implemented the analytic expressions from these studies
into our analysis framework to be described below.

III. CONSTRUCTION OF THE P.D.F.

To be able to perform a fit for the lagrangian tensor
structure, we must first obtain the probability density
function (p.d.f) for the observables as a function of the

lagrangian parameters ~�: P (s,pT , Y, M1, M2, ~⌦|~�). This
p.d.f. consists of two components which we assume to
be factorized: the parton level di↵erential cross section
as computed in Section II, and the production spectrum.
The total p.d.f. can be expressed as,

P (s, ~pT , Y, M1, M2, ~⌦|~�) = (6)

d�4`(s, M1, M2, ~⌦|~�)

dM2
1 dM2

2 d~⌦
⇥ Wprod(s, ~pT , Y ).

The production spectrum for background depends on the
parton distribution functions and is obtained from the
Madgraph/POWHEG [8, 9] Monte Carlo generator. The
production spectrum for the Higgs boson in the (pT , Y )
variables is obtained from the next-to-leading-order cal-
culation from POWHEG while the s spectrum is taken
to be a delta function centered at m2

h.

We explicitly assume that the decay process can be
factorized from the production mechanism and as men-
tion previously will eventually average over pT and Y .
Of course the expression in Eq.(6) represents the gener-
ator level p.d.f., while a realistic treatment involves the
p.d.f. after taking into account detector e↵ects. We ex-
amine this issue in more detail below and sketch the basic
procedure for obtaining the detector level p.d.f. while a
much more detailed discussion of the various issues can
be found in the Appendix in Sec.VII.

A. Obtaining pdf in Terms of Detector Observables

A realistic treatment of the signal and background re-
quires obtaining the pdfs in terms of detector level ob-
servables. This can be done by a convolution of the gen-
erator level p.d.f. introduced in Eq.(6) with a transfer
function which parametrizes the e↵ects of the lepton se-
lection e�ciency and the imperfect momentum measure-
ment resolution of the detector. This can be represented

schematically as follows,

P ( ~XR|~�) =

Z
P ( ~XG|~�)T ( ~XR| ~XG)d ~XG, (7)

Here we take ~X to represent the set of CM variables as
~X = (s,pT , Y, M1, M2, ~⌦) and T ( ~XR| ~XG) is the trans-
fer function taking us from generator (G) level to recon-
structed (R) detector level observables. Including the

irrelevant o↵-set angle � the set of variables ~X exhausts
the twelve degrees of freedom available to the four final
state leptons. The di↵erential volume element is given by

d ~X = dsdpT dY dM2
1 dM2

2 d~⌦. Upon integration over all
variables one obtains a pdf which encompasses the rele-
vant detector e↵ects. While conceptually simple the in-
tegration is operationally challenging and in fact is most
easily done with a di↵erent set of variables than those in
the CM frame as we now discuss.

B. Changing Variables for Background p.d.f.

We first discuss the construction of the background de-
tector level pdf before going on to discuss the construc-
tion of the signal case. Since there are no undetermined
parameters in the background the generator and detec-

tor level pdfs are given simply by PB( ~XG) and PB( ~XR)
respectively. In order to perform the convolution with
the transfer function we first transform to a more conve-
nient set of variables in which the detector smearing is
parametrized and then perform the integration in these
variables. To illustrate this procedure we first transform
from the twelve CM variables (including �) to the three
momentum for the four final state leptons. This can be
represented as follows,

PB( ~XR) =

Z
PB( ~XG|~�)T ( ~XR| ~XG)d ~XG

=

Z
PB( ~XG)T (~PR|~PG)

|J~P
G|

|J~P
R|

d~PG, (8)

where d~PG =
4Q

i=1

d~p G
i and ~p G

i is the generator level

three momentum of the i’th lepton. The |J~P
R| and |J~P

G| are
Jacobians associated with the twelve dimensional change

of variables from ~XR ! ~PR and ~XG ! ~PG in the trans-
fer function and di↵erential volume element respectively.

Since we assume that detector smearing will only af-
fect the component of the lepton momentum parallel to
the direction (pi||) of motion and not the two compo-

nents perpendicular to the direction of motion (~pi?), it
is convenient to decompose the lepton three momenta
~pi in terms of pi|| and ~pi? (Note that this is equivalent
to assuming angular resolution e↵ects due to detector
smearing can be neglected). In the (pi||, ~pi?) basis only
the transfer function associated with pi|| is non-trivial
while the one associated with the perpendicular compo-
nents can be represented simply as a delta function for

(we implicitly include angle associated with a global rotation of entire event)

Not convenient basis for the integration so we must transform to a
better basis where integration can be done
Transform from CM frame to components of the three momenta of
the four massless final state leptons (~XG → ~PG )
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Extra Slides: pi || and ~pi⊥ Basis

We assume that detector smearing will only affect the component of
the lepton momentum parallel to the direction (pi ||) of motion and
not the two perpendicular components (~pi⊥)
(Note that this is equivalent to assuming angular resolution effects due to
detector smearing can be neglected)
Now decompose the lepton three momenta ~pi in terms of pi || and ~pi⊥
In (pi ||, ~pi⊥) basis only transfer function associated with pi || is non-trivial
The transfer function for the perpendicular components can be represented
simply as a delta function for each perpendicular direction
This allows for trivial integration over the 8 variables associated with ~p⊥

i

Of course one must include the proper Jacobian in this transformation
see technical note for details
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Extra Slides: Final Integration

We have a 4D integration over
4∏
i

pi || left to to do

Transfer functions parametrized in terms of variables ci = pi
R
|| /pi

G
||

Where we have c1c2 = (MR
1 /M

G
1 )2 and c3c4 = (MR

2 /M
G
2 )2

Substitute c2, c4 → M1
GM2

G to obtain final basis used for integration

4

each perpendicular direction, thus allowing for trivial in-
tegration over ~p?i .

The di↵erential volume element can now be written as

d~P =
4Q

i=1

d~pi =
4Q

i=1

d~pi?dpi||. We then use the property

of the transfer function that it is explicitly parametrized
in terms of the ratio of reconstructed and generator level
momentum components along the direction of motion to
again change variables as follows,

PB( ~XR) =

Z
PB( ~XG)T (~PR|~PG)

|J~P
G|

|J~P
R|

d~PG

=

Z
PB( ~XG)T (~c |~PG)

|J~P
G|

|J~P
R|

|J~c
G|

|J~c
R|

4Y

i=1

dcid~pi
G
?, (9)

where ci = pi
R
|| /pi

G
|| and ~c = (c1, c2, c3, c4). The Jacobian

factors |J~c
R| and |J~c

G| take us from pi
R
|| ! ci and pi

G
|| ! ci

variables again in both the transfer function and the dif-
ferential volume element respectively. The transfer func-

tion T (~c |~PG) is constructed explicitly in Sec.VII C of the
Appendix.

Finally, we use the fact that c1c2 = (MR
1 /MG

1 )2 and
c3c4 = (MR

2 /MG
2 )2 to eliminate c2 and c4 and make a

final change of variables for which we perform the explicit
integration giving the final background p.d.f. in terms of
reconstructed variables,

PB( ~XR) =

Z
PB( ~XG)T (~c |~PG)

|J~P
G|

|J~P
R|

|J~c
G|

|J~c
R|

4Y

i=1

dci (10)

=

Z
PB( ~XG)T (~c |~PG)

|J~P
G|

|J~P
R|

|J~c
G|

|J~c
R| |J

~M
B |dc1dc3dM2

1
G

dM2
2

G
,

where in the first line in Eq.(10) we have implicitly used
the delta functions in the transfer function to perform
the eight dimensional integration over ~pi

G
? (see Sec.VII C

for more details). The Jacobian |J ~M
B | is obtained from

the change of variables c2, c4 ! M2
1

G
M2

2
G

in the di↵er-
ential volume element when going from the first line to
the second line in Eq.(10). We can write Eq.(10) more
compactly as,

P ( ~XR) =

Z
P ( ~XG)T (~c |~PG)

⇥ |J |dc1dc3dM2
1

G
dM2

2
G

(11)

where the total background Jacobian factor is given by,

|JB | =
|J~P

G|
|J~P

R|
|J~c

G|
|J~c

R| |J
~M
B |. (12)

We thus see in the end that what started out as a twelve
dimensional integral has been reduced to a much more
manageable integration over four variables. The details
of this four dimensional integration along with the change
of variables and in particular the background Jacobian
|JB | in Eq.(12) are worked out in Sec.VII A and Sec.VII B
of the Appendix.

C. Changing Variables for Signal pdf

To construct the detector level signal p.d.f. PS( ~XR|~�)

(which is now a function of lagrangian parameters ~�) we
follow the same procedure as for the background through
the first line in Eq.(9) to obtain,

PS( ~XR|~�) =

Z
PS( ~XG|~�)T (~c |~PG)

⇥ |J~P
G|

|J~P
R|

|J~c
G|

|J~c
R|

4Y

i=1

dcid~pi
G
?. (13)

In contrast to the background however, we now perform
the following change of variables,

PS( ~XR|~�) =

Z
PS( ~XG|~�)T (~c |~PG)

⇥ |J~P
G|

|J~P
R|

|J~c
G|

|J~c
R| |J

~M
S |dsGdc1dM2

1
G

dM2
2

G
, (14)

where again we have implicitly used the delta functions
in the transfer function to perform the eight dimensional

integration over ~pi
G
? and where |J ~M

S | is the Jacobian ob-

tained in changing from c2, c3, c4 ! sG, M2
1

G
, M2

2
G

vari-
ables. As mentioned below Eq.(6) the s spectrum for the
signal is / �(sG � m2

h) (where mh is the reconstructed
Higgs mass), enabling us to perform the integration over
dsG. Thus, we have for the final signal detector level
p.d.f.,

PS( ~XR|~�)
���
sG=m2

h

=

Z
PS( ~XG|~�)T (~c |~PG) (15)

⇥ |JS |dc1dM2
1

G
dM2

2
G
���
sG=m2

h

,

where the total signal Jacobian is given by,

|JS | =
|J~P

G|
|J~P

R|
|J~c

G|
|J~c

R| |J
~M
S |, (16)

and we have implicitly assumed factorization of produc-
tion and decay. Note that the integration in ds involves
integration over a delta function which is computation-
ally non-trivial when including detector resolution ef-
fects. We leave the details of the integration along with
the derivation of the signal Jacobian |JS | in Eq.(16) for
Sec.VII A and Sec.VII B of the Appendix.

D. Production Spectrums for s, Y , and pT

Since the production spectrums involve parton distri-
bution functions pdfs they can not be computed analyt-
ically. To include them in the total p.d.f. there are vari-
ous options. One can in principal generate enough Monte
Carlo to accurately fill the full spectrum in (s, Y,pT ) vari-
ables. As this is computationally very intensive we take

Where |J | encompasses all change of variables in intermediate steps
This integral is manageable (with extra complication in case of signal)
Once performed we are left with a detector level pdf in terms of ~XR
see technical note for details
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Extra Slides: List of Systematics Considered

We are treating the following systematics:
I Harder/softer lepton energy response
I Wider/narrower lepton energy resolution
I Harder/softer 4l spectrum
I Central/forward 4l spectrum
I Wrong mass assumption for signal
I Systematics from different choice for production spectrum

Can implement into likelihood via nuisance parameters

6

In the case of multiple final states (for example 4e, 4µ
and 2e2µ), we can construct the likelihood by imposing
a prior probability of an event being in any of the final
states and multiply with the respective likelihood inside
each category. One will need to assign systematic un-
certainties due to this prior probability. Formulation of
total likelihood stays the same.

C. Systematic Uncertainties
with Nuisance Parameters

Systematic uncertainties are incorporated into the ma-
chinery with alternative p.d.f.s. In this sections we briefly
discuss the general procedure. One can generate alter-
native p.d.f.s using a non-central value for the variables
of interest. For example one possible systematic uncer-
tainty is the resolution of leptons. In this case we can
generate p.d.f.s with narrower or wider lepton response
functions depending on our knowledge of the precision of
the width. If we call the central p.d.f. to be P0(O) and
the alternative P1(O), one can parameterize the amount
of shift from the central value using a nuisance parameter
n, and interpolate between p.d.f.s as follows:

P(O|n) = (1 � n) P0(O) + n P1O
= P0O + n [P1O � P0O] (27)

It is instructive to observe that, for all values of n, the
normalization of the total p.d.f. stays the same. Given
the asymmetric nature of many systematic uncertainties,
it is more appropriate to generate many “check-points”
along the axis of n and do piecewise interpolation without
the need of worrying about normalization. Non-central
values of n are a priori disfavored, therefore one can im-
pose a prior on top of the interpolated likelihood:

P(O|n) = P(O|n)G(n), (28)

where G(n) is usually a Gaussian centered at the central
value of n. In the case of multiple systematic uncertain-
ties, one can replace n by a vector of nuisance parameters
~n, and the prior G(n) by G(~n). In general G(~n) is a mul-
tivariate Gaussian-like peak with primary axes which are
some combination of di↵erent nuisance directions, how-
ever one can carefully choose the nuisance parameters so
that correlations between them are small. In this limit
G(~n) can be written as the product of many Gaussian-like
curves.

The following systematics have been included in this
analysis:

1. Harder/softer lepton energy response

2. Wider/narrower lepton energy resolution

3. Harder/softer 4l spectrum

4. Central/forward 4l spectrum

5. Wrong mass assumption for signal

6. Categorizing weight between di↵erent final state
categories

7. Systematics from di↵erent choice of W (m2
H)

The first few items regarding lepton energy response and
resolution and ones with 4` spectra are treated using two
alternate maps each one varying the quantity up and one
varying it down.

For the signal mass assumption, we have generated pdf
values for di↵erent masses: mH = 122� 128 GeV. These
serve as check-points in the signal mass assumption di-
rection.

For this one however, since we don’t have any knowl-
edge a priori (unless there’s a final published measure-
ment from CMS or ATLAS on the mass of this reso-
nance), the current plan is to apply a flat prior in this
direction.

On categorizing weight, to zeroth order we can write
the expected yield ratio as a function of e�ciency ratio
between electron pair and muon pair r:

Yi let me know if this is still how this was done or if
this should be re-written.

D. Fit and Statistical Procedure

One important feature of the fit is that we only need to
evaluate the likelihood on the handful of data we want
to fit for in a given experiment. Therefore all the ex-
pensive calculation for the pdf pieces can be calculated
on the grid prior to the analysis of data, and the fit for
parameter extraction itself then runs very fast.

If we choose to fit for ratios of parameters and not
their overall normalization, we do not need the absolute
normalization of the likelihoods either; it su�ces to have
the relative normalization between di↵erent likelihoods
correct to do the maximization. This fact greatly sim-
plifies our computing life. Instead of propagating the
full normalization and aligning units correctly so that
when one integrates over all 8 dimensions we get unity,
it is su�cient to do a Monte Carlo integration using
fixed amount of samples in a consistent, large-enough
range. The meaning of log likelihood di↵erence remains
unchanged with this construction.

To examine the Higgs ZZ couplings, we take Eq.(3)
as our hypothesis the vertex in Eqs.(1). We can use an
overall phase rotation to make A1 real. Also, as discussed
above, we can avoid the need for the absolute normaliza-
tion if we instead fit to ratios of couplings. Thus, in terms
of the vertex as defined in Eqs.(2), we are explicitly fit-
ting to,

�µ⌫ / V µ⌫
1 + R2V

µ⌫
2 + R3V

µ⌫
3 (29)

where R2, R3 are complex ratios which we define as,

R2 = R2e
i↵2 , R3e

i↵3 ,

0  R2,3 2 <,

�⇡  ↵2,3  ⇡. (30)

Maximize w.r.t. to n for each systematic
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Extra Slides: Ongoing/Future Work

Can we directly probe the CP nature of the h − γγ couplings?

Recent proposals by some theorists include:
I Measuring correlations in VBF → γγ

M. Buckley, M. Ramsey-Musolf: 1208.4840

I Measuring correlations between photons which convert in detector
F. Bishara, Y. Grossman, R. Harnik, D. Robinson, J.Shu, J. Zupan: TALK at KITP WORKSHOP
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Extra Slides: Ongoing/Future Work

Other possibilities which we are working on include:
I Extracting the γγ and Zγ component from golden channel

I Studying interference in h→ Zγ/γγ → 2`γ ∝ AZγ
2 ∗ Aγγ

3 + · · ·
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